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論文の和文概要 
 
 
光ファイバーの一部をサブミクロン直径まで細径化したものをナノ光ファイバーと
呼ぶ。近年、ナノ光ファイバーにより原子等の量子光学応答が様々に操作制御でき
ることが実証されている。本論文は、ナノファイバー上に単一の量子ドットを担持
した「ナノファイバー／量子ドットハイブリッド系」を光ファイバー組み込みの単
一光子発生の視点から開発し、その特性を室温から極低温まで研究したものである。
用いた量子ドットは発光中心波長が640nmのコアシェル構造を有するCdSe半導体ナ
ノ結晶であり、用いたクライオスタットシステムはナノ光ファイバー系の光透過特
性に何の劣化も与えずに極低温3.7Kまで冷却を行えるものである。量子ドットの発
光特性を室温から3.7Kまで詳細に計測し、その発光は通常の中性励起子と共にイオ
ン化励起子によるものであり、かつ中性励起子の発光量子効率は室温から3.7Kまで
ほぼ100%であり、一方イオン化励起子のそれは室温においては26%程度であるが5K
以下の極低温においてはほぼ100%になることを示した。また、中性励起子は上準位
が２準位からなる３準位系であるのに対し、イオン化励起子は単純な２準位系であ
り単一光子発光系としては中性励起子より有利であることを示した。更に、量子ド
ットに極低温下で紫外レーザーを照射することにより量子ドットをイオン化状態に
永続的に転移できることを見出した。これらの結果に基づき「極低温イオン化量子
ドット／ナノファイバーハイブリッド系」を実際にパルスレーザー励起し、その単
一光子発生特性を評価し、高効率で高繰り返しの単一光子発生がファイバーインラ
インで実現できることを実証した。 
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Abstract
Hybrid systems of nanophotonic structures and single quantum emitters have
emerged as a promising direction for single photon generation in quantum
photonic technologies. Strong confinement of the optical field in nanopho-
tonic structures enables photon manipulation far beyond the free space. In
this context, tapered optical fibers with sub-wavelength diameter waists, op-
tical nanofibers, provide a unique platform. Regarding the single photon
generation, a key advantage is the efficient fiber in-line operation, i.e. pho-
tons efficiently emitted into the guided-mode of the nanofiber adiabatically
couples to that of a conventional single mode optical fiber with near-unity
efficiency. Regarding the emitters for quantum photonics, solid-state emit-
ters at cryogenic temperatures are preferred from the prospect of practical
applications in quantum information technologies.
In this thesis, a hybrid system of an optical nanofiber (ONF) and a sin-
gle colloidal CdSe quantum dot (QD) operated at cryogenic temperature is
developed and investigated from the viewpoint of fiber in-line single pho-
ton generation. Single CdSe core/shell QDs emitting at 640 nm are precisely
deposited on the nanofiber surface. An optical cryostat cools the hybrid sys-
tem to a temperature of 3.7 K via helium buffer-gas cooling, maintaining the
high optical transmission of the ONF (94.5%). The photoluminescence (PL)
characteristics of the QDs are investigated by observing the emitted photons
through the fiber guided-modes. At 3.7 K, the emission spectrum of the sin-
gle QDs showed two distinct narrow zero-phonon lines (∼350 µeV FWHM)
compared to the broad spectral width (60 meV FWHM) at room temperature.
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These lines originate from the neutral and charged states of the QD emitting
with near-unity quantum efficiency. The charged QDs are termed as trions.
We systematically investigated the emission characteristics of the neutral
and the trion states of the QD by spectral, temporal, and photon correlation
measurements. The PL decay characteristics of these lines reveal that the
upper state of neutral exciton consists of two levels, which effectively results
in a fast and slow decay components with decay times of 3.1±0.1 and 153±5
ns, respectively. In contrast, the upper state of trion is one level leading to a
single decay process with a decay time of 10.7±0.3 ns.
From the viewpoint of single photon generation, the trion with a single
upper level is preferable compared to the neutral exciton. Subsequently, a
technique to control the occurrence of trion at cryogenic temperatures is de-
veloped. It is shown that the trion occurrence can be manipulated by pho-
tocharging the QD by exciting well above the band gap. Most notably, we
established a method to create permanently charged QDs with all emissions
into the trion zero-phonon line.
Combining the photocharged single QDs in the hybrid system, we evalu-
ated the performance of the system as an efficient fiber in-line single photon
source. We show that the photocharged QDs exhibit a bright photo-stable
emission of single photons with near-unity quantum efficiency, narrow spec-
tral width and a fast single decay process. The efficiency of the source is
estimated to be 16±2%, with a maximum photon count rate of 1.6±0.2 MHz
and a high single photon purity of g2(0)= 0.11±0.02.
The ONF/QD hybrid system could be integrated into the fiber networks
paving the way for potential applications in quantum information technolo-
gies. The efficiency of the source can be improved by incorporating a cavity
structure on the ONF and establish a cavity QED system at cryogenic tem-
peratures. Also, the system situation can be extended to various quantum
emitters at different wavelengths. We discuss such ideas as future prospects.
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Chapter 1
Introduction
Quantum information processing and technology have been emerged as one
of the main strategic tasks in many countries due to its immense impact and
vast potential for applications in diverse fields [1]. The technology has a wide
range of applications covering quantum communication, quantum comput-
ing, quantum metrology, and quantum sensing [2, 3, 4]. In the context of
secure and high-speed communication, a quantum network has been pro-
posed, in which the information is carried out by the quantum state of light,
single photons [5]. A quantum network consists of several quantum nodes in-
terconnected by quantum channels. A quantum node is an interface between
the quantum state of light and matter, which can be used for processing and
storage of data in quantum states. In contrast, the quantum channels dis-
tribute the information over the network via single photons. For the physical
implementation of quantum networks, the leading scientific challenge is to
attain coherent control over the interaction of light and matter at a single
photon level. The existing telecommunication fiber network can serve as an
inherent transport medium to transfer the quantum information over a long
distance. Therefore, fiber-coupled single photon sources will be a backbone
of the future quantum networks [5].
A prime advantage of the quantum network is the security of communi-
cation. Quantum key distribution (QKD) or quantum cryptography applies
fundamental laws of quantum physics to guarantee secure communication
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[6]. The security of the information arises from the fact that a single photon
is indivisible, and its quantum state cannot be copied [7]. Based on this idea
various schemes have been proposed [6, 8, 9, 10]. The very first scheme in
QKD is the BB84 [6], in which polarization states of single photons are used
as an encoding technique. They showed how one could distribute a random
secret key between two parties using single photons along a quantum chan-
nel. The implementation of QKD requires a source that emits only a single
photon at a time because the data transfer with more than one photon per bit
opens the security loophole like photon-number splitting attacks [12].
Various applications based on quantum networks also require identical
single photons. Recently, new QKD schemes have been proposed based on
single photon interference, which requires a source of indistinguishable sin-
gle photons [13, 14]. Apart from that, applications like quantum teleporta-
tion, quantum repeaters, and linear-optical quantum computation [15, 16]
are also based on two-photon interference. Therefore the consecutive pho-
tons emitted by a single photon source should be identical in all degrees of
freedom and exhibit two-photon interference effects. To accomplish this, one
needs to ensure that the single photon source is spectrally narrow.
From these deliberations, an important goal can be derived for a future
quantum communication technology: the development of an efficient fiber
coupled single photon source.
1.1 Quest for an Efficient Single Photon Source
The quest for a single photon source, a light source that emits only one pho-
ton at a time with ideal emission characteristics, would be of great benefit
to quantum information processing and technology. There have been signif-
icant innovations and developments in this direction, albeit an ideal single
photon source is yet to be realized [17, 18].
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From the perspective of applications in quantum information technolo-
gies, an efficient single photon source should satisfy the following main re-
quirements.
• A high single photon purity. The single photon purity is determined by
the second order photon correlation function, g2(τ). For an ideal single
photon source, g2(τ= 0)= 0.
• On-demand generation of single photons, meaning only one photon is
emitted per excitation pulse, possibly with a high photon count rate.
• The photons emitted should be identical in all degrees of freedom, for
example, having the same spectral, temporal profile, and polarization.
• Once emitted, all the photons should be collected with high efficiency
into a single-mode optical fiber.
How does one generate a single photon? The first answer would be to
take a laser light and attenuate it until the mean number of photons in a given
time frame reaches less than one, often called an attenuated laser source. But
it is not truly a single photon source as it exhibits finite multi or no photon
probability. The most advanced single photon sources are based on sponta-
neous parametric down-conversion (SPDC) or spontaneous emission from a
single quantum emitter [18, 19].
SPDC source is based on frequency down-conversion in a non-linear crys-
tal. Correlated pairs of down-converted photons are generated using a high-
energy pump photon. The process is non-deterministic, meaning photon
pairs are generated in random times, which makes it not suitable for applica-
tions requiring photons on-demand. Another critical issue with SPDC source
is that the probability for multi-photon events scales up with pump intensity,
which limits the purity of the source at high photon generation rate.
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In the context of generating on-demand single photons, quantum emit-
ter based single photon source can be a good option. The idea is to excite a
single quantum emitter, and the subsequent spontaneous emission will pro-
duce a single photon. A straightforward way to realize an efficient single
photon source is to collect the spontaneous emission from an isolated quan-
tum emitter. The source can have a high single photon generation rate with
significantly less probability for multi-photon events [17, 18].
There exist various choices for a quantum emitter in terms of operat-
ing wavelengths and system efficiency [19, 20]. A good quantum emitter
should possess high quantum efficiency, fast decay rate, and narrow spectral
width for the emission. Neutral atoms may be an ideal choice for a quan-
tum emitter. However, isolating a single atom requires complex experimen-
tal systems. From the viewpoint of practical applications, solid state emitters
like molecules [21], atom-like defect centers in crystalline host [22, 23], or
semiconductor quantum dots [24] are promising choices based on their ex-
cellent emission properties and easier techniques to isolate single emitters.
Among them, one promising candidate would be semiconductor quantum
dots, which can provide wide tunability of emission wavelength with high
quantum efficiency [17, 18]. However, one of the critical challenges is to col-
lect spontaneous emission efficiently.
1.2 Quantum Nanophotonics for Efficient Single
Photon Generation
Regarding quantum emitter based single photon source, one of the key chal-
lenges is to efficiently collect the single photons into a single spatial mode,
ideally matched to the mode of an optical fiber. One can use an objective lens
to collect the emission [25, 26]. However, there exists a limitation due to the
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achievable confinement of the light field. Moreover, the photons should be
coupled to a single-mode optical fiber, which requires stringent alignments.
Also, this leads to bulky experimental systems.
Recent progress in quantum nanophotonics has opened a new platform
for single photon manipulation with capabilities far beyond the free space
[17]. A central goal of quantum nanophotonics is to develop hybrid sys-
tems consisting of a single quantum emitter and nano-waveguides so that
the single photons can be generated and manipulated. The critical point of
such a hybrid system is to confine the electromagnetic field modes to a sub-
wavelength region to achieve significant interaction between the electromag-
netic field and the quantum emitter.
The advancement of nanofabrication made it possible to structure differ-
ent materials like dielectrics, semiconductors, and metals to sub-wavelength
dimensions so that the light field can be confined to small sizes. Examples
include sub-wavelength diameter nano-waveguides [27], photonic crystal
waveguides, [28, 29, 30], plasmonic nanostructures [31, 32] and whispering
gallery mode cavities [33, 34]. The precise controlling of the position of single
quantum emitters can enable the realization of strong light-matter interaction
in these systems [35].
Table 1.1: Performance of quantum dot based fiber coupled single photon
source. Values in the table are taken from the corresponding reference
listed in the same row.
Reference Source efficiency Max. photon rate Photon purity (g2(0))
[26] 8% 89 kHz 0.07
[36] < 1% 11.7 kHz 0.07
[37] 1.4% 84 kHz 0.17
[38] 6% 3 MHz 0.29
[39] 10.9% 2.43 MHz 0.46
[40] 10.7% 2 MHz 0.40
In the context of quantum networks, the coupling of photons into an opti-
cal fiber is necessary. It remains a challenge to efficiently couple the photons
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from nanophotonic waveguides mainly due to the mode mismatch of the
waveguides and optical fibers [36, 37, 38, 39]. For coupling the single photons
into an optical fiber, various coupling techniques have been proposed, which
includes fiber tip [36], lensed fiber [40] or fiber tapers as a coupling interface
[37, 38, 39]. But these coupling approaches require continuous re-alignment
of the fiber, and the coupling efficiency is typically poor. Moreover, they are
experimentally very challenging.
Table 1.1 lists the source efficiency, maximum photon rate, and single pho-
ton purity of various fiber-coupled single photon sources based on single
quantum dots. The source efficiency denotes the efficiency at which single
photons can be produced on-demand. The single photon purity is defined
by the second order photon correlation function, g2(0). In most approaches,
the source efficiency is typically less than 10%. The maximum reported sin-
gle photon rates are moderate in the order of 10 kHz to a few MHz primarily
due to the weak coupling into the single-mode optical fiber. For an ideal
single photon source, the value of g2(0)= 0. However, for some sources, the
g2(0) values are far beyond the ideal value [37, 38, 39]. Even though an effi-
cient collection of emission from a single quantum emitter into the nanopho-
tonic platforms has been demonstrated, coupling to a single-mode optical
fiber with high efficiency remains a challenge [37, 38]. Therefore, the devel-
opment of a robust and efficient fiber in-line single photon source will be a
prerequisite for the implementation of the quantum networks.
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1.3 Optical Nanofiber (ONF) as a Platform for Quan-
tum Nanophotonics
In the context of strong confinement of light field as well as coupling to
single-mode optical fiber, one promising approach would be to use opti-
cal nanofibers, tapered optical fibers with sub-wavelength diameter waist.
In optical nanofibers, the guided field modes are strongly confined to a re-
gion with sub-wavelength size, and the nanofiber guided modes adiabati-
cally evolve into a single-mode optical fiber.
In the last decade’s optical nanofibers (ONFs), the sub-wavelength di-
ameter waist of a tapered silica fiber has opened a promising platform for
quantum nanophotonics, paving the way for manipulating single photons in
fiber networks. In 2002, Hakuta and co-workers [41] proposed a novel idea of
thin tapered optical fiber, where the evanescent field of the sub-wavelength
region of the fiber strongly couples with the surrounding medium. Shortly
after this proposal, Tong et al. [27] reported the fabrication and novel prop-
erties of the sub-wavelength diameter silica wires for photonic applications.
Since then, the sub-wavelength diameter waist of a tapered optical fiber has
been of great interest to the nanophotonics community [42]. The strong trans-
verse confinement of the guided light and long interaction length along the
fiber are the key features of ONF.
From a technical aspect, ONF has an advantage over other nanophotonic
systems, which is the in-line fiber property. Once a system has been cre-
ated on a nanofiber, the system can be naturally integrated into fiber net-
works since the nanofiber guided modes adiabatically evolve to fiber guided
modes. Using ONFs diverse quantum optical processes have been estab-
lished so far, which includes channeling of fluorescence photons into fiber
guided modes [43, 44] and laser-cooled atom trapping around ONF [45, 46,
47, 48]. Some of the fundamental properties of the nanofiber guided field
8
and its interaction with quantum emitters are reviewed in the following sub-
sections.
In this thesis, a fiber in-line single photon source based on single colloidal
quantum dots on an optical nanofiber is presented. New technological steps
are taken to generate on-demand single photons with narrow spectral width
and high single photon purity.
1.3.1 Confinement of Electromagnetic Field Around an ONF
A schematic of light propagation in a nanofiber is shown in Fig.1.1. The
nanofiber is fabricated by tapering a commercial single-mode optical fiber.
The nanofiber is the sub-wavelength diameter waist of a tapered fiber. Typ-
ical single-mode fibers consist of a core with a diameter of around 5 µm,
which guides the light and a surrounding cladding with a diameter of 125
µm. After tapering the original single-mode fiber to form a nanofiber waist
region, the core of the optical fiber almost vanishes out, and the clad of the
original fiber acts as a core for the nanofiber and the medium outside serves
as the clad. Therefore, the refractive index profile of the nanofiber forms a
step-index profile in the radial direction with a difference in silica- air refrac-
tive index of ∼ 0.45.
It must be noted that due to the thin diameter, the nanofiber guided mode
can only support a single fundamental mode (HE11) [49]. A typical mode
profile is shown in Fig.1.1(b). It is evident from the plot that the field in the
guided mode is strongly confined in space, and a significant amount of the
field lies outside, which is in the evanescent region around the nanofiber.
Also, it should be noted that the confinement of the nanofiber guided mode
depends on the propagation wavelength (λ) and the nanofiber radius (a).
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Figure 1.1: (a) Schematic of an optical nanofiber. In the nanofiber region, light can
confine to a sub-wavelength area with a significant evanescent field. The nanofiber
guided mode can adiabatically be coupled to both sides of the standard optical fiber.
(b) Shows the intensity distribution of the guided mode propagation in the nanofiber
waist region for a nanofiber diameter of 310 nm at a wavelength of 650 nm.
1.3.2 Spontaneous Emission of a Quantum Emitter Around
an ONF
The spontaneous emission from a quantum emitter depends on the surround-
ing photonic environment. For a higher coupling rate of spontaneous emis-
sion from a quantum emitter into a guided optical mode, a high density of
optical field at the position of the emitter is required. The strong confinement
of the guided modes in the nanofiber region leads to a strong light-matter
interaction around the nanofiber. As a consequence, the spontaneous emis-
sion of a quantum emitter around the nanofiber is strongly modified and en-
hances the coupling of the spontaneous emission into the nanofiber guided
mode [43]. The following section provides the theoretical understanding of
the relation between optical modes and spontaneous emission with an em-
phasis on channeling efficiency into the nanofiber guided modes.
Purcell first discussed the modified spontaneous emission of an atom in
a cavity in the microwave regime [52]. The Purcell factor quantifies the en-
hancement of the spontaneous emission rate. According to Fermi’s Golden
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Figure 1.2: Schematic diagram showing the modified spontaneous emission of an
emitter around the nanofiber. γ(g) is the decay rate into the nanofiber guided mode
and γ(r) is the decay rate into the radiation mode.
rule [50], the spontaneous emission rate (Γ) is given by,
Γi f =
2π
h̄
|< i|Mi f | f >|2σ(vi f ) (1.1)
where Mi f is the transition metrix element between the initial and final en-
ergy state, and σ(vi f ) is the local mode density of the optical field at the
transition frequency vi f . Modifying the environment of a quantum emitter
changes the strength of the optical field density and thereby can tailor the
spontaneous emission rate.
For an emitter placed close to the nanofiber surface, the local density of
the optical field is modified by the presence of the nanofiber, which mod-
ify the spontaneous emission rate of the emitter. Due to this, a significant
amount of emission from an emitter can be channeled into nanofiber guided
modes. Figure 1.2 display the schematic diagram of the modified sponta-
neous emission of an emitter around the nanofiber. A theoretical investiga-
tion on the effect of the spontaneous emission rate of a multi-level Cs atom
in the vicinity of a nanofiber can be found in Ref. [43].
Here we consider a two-level atom positioned on the surface of nanofiber
and is prepared in the excited state, and the field is initially in the vacuum
state. In this case, the total decay rate (Γ) is the sum of decay rate into a
guided mode (γ(g)) and radiation mode (γ(r)) as given below.
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Figure 1.3: Channeling efficiency (ηc) of spontaneous emission into nanofiber guided
modes. ηc as a function of fiber size parameter (k0a). The figure is reproduced from
Ref. [53].
Γ = γ(g) + γ(r) (1.2)
The channeling efficiency (ηc) into the nanofiber guided modes can be
expressed as
ηc =
γ(g)
Γ
=
γ(g)
γ(g) + γ(r)
(1.3)
In order to quantitatively understand the channeling of spontaneous emis-
sion into the nanofiber guided modes, ηc as a function of fiber size parame-
ter (k0a) is plotted in Fig. 1.3, where k0 is 2π/λ and a is the radius of the
nanofiber [53]. From Fig. 1.3, it can be seen that the ηc is sensitive to k0a
and depends on the propagation wavelength and the diameter (2a) of the
nanofiber. The channeling efficiency is determined by the confinement of the
nanofiber guided modes. It is obvious for a thick fiber that the confinement
is weak. Moreover, when the fiber is very thick compared to the wavelength,
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the effective index approaches to the core index which means the field out-
side the fiber is weak leading to reduced channeling efficiency. On the other
hand, when the fiber is too thin compared to the wavelength, the effective
index approaches to the index of the surrounding medium, the free space in-
dex, suggesting negligible effect of fiber and hence weak confinement. There-
fore, there exists an optimum diameter for which the confinement and chan-
neling efficiency can be maximum. As seen from Fig. 1.3, a maximum value
of channeling efficiency ηc= 22% occurs for a fiber size parameter k0a= 1.44
[43]. For an emission wavelength of 650 nm, the optimum nanofiber diame-
ter will be around 300 nm.
1.4 Quantum Emitters: Semiconductor Quantum
Dots (QDs)
Various quantum emitters have been investigated for developing a potential
single photon source, which includes atoms [54], molecules [21], and solid-
state emitters [17, 55]. Regarding the emitters for quantum photonics, solid-
state emitters are preferred from the viewpoint of developing hybrid systems
for practical applications in quantum information technologies. Various hy-
brid systems utilizing solid-state emitters have been developed so far using
atom-like defect centers in diamonds [22], 2D materials [23], and quantum
dots [56, 39]. Among them, one promising candidate would be semiconduc-
tor quantum dots, nanometer-scale crystals containing core/shell structures
in colloidal solution, which can provide tunability of emission wavelength
with high quantum efficiency. Moreover, the colloidal quantum dots are easy
to integrate into any nanophotonic structures. In this section, we will focus
on the general properties of core/shell semiconductor quantum dots in col-
loidal solutions.
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Figure 1.4: (a) Schematic representation of a core/shell QD. (b) Schematic energy
level diagram of electrons and holes confined in a QD. The optical transition is
shown by a red arrow. Ebulk, Egap are the bandgap of the bulk semiconductor mate-
rial and QD, respectively.
1.4.1 Core/Shell QDs as a Single Photon Source
Colloidal QDs are nanometer-sized crystals consisting of semiconductor ma-
terial as core and capped with another semiconductor material of higher
bandgap as shell and a covering of ligands. QDs exhibit size-dependent con-
finement of excited-state electron and hole wave functions and form only
discrete energy levels [57]. Therefore QDs are generally referred to as "ar-
tificial atoms," and they emit like real atoms in terms of emission photon
statistics [24]. QDs emission properties can be engineered by controlling
their size or composition to modify the emission energy and the nature of
the transitions, which make them a promising and versatile system. The first
nanocrystals based on only cadmium selenide (CdSe) had various limitations
in their photo-stability and emission quantum efficiency (QE) [57]. The sur-
face passivation using higher bandgap materials like cadmium sulfide (CdS)
and zinc sulfide (ZnS) resulted in a core/shell architecture for the colloidal
QDs as sketched in Fig. 1.4(a). The core/shell architecture improved the
photo-stability, and nearly 100% QE was reported [58, 59].
The most pertinent properties of colloidal semiconductor QDs originate
from the spatial confinement potential due to the nanometer size of the QDs.
To get a view about the effect of spatial confinement, let’s consider first the
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excitation in a bulk semiconductor. Under absorption of a photon with en-
ergy higher than the bandgap of the semiconductor, an electron is excited
from the valance band (VB) to the conduction band (CB), leaving behind a
hole in the VB. In the case of bulk material, the electron and hole are free
to move and have no Coulomb interaction with each other. But when the
size of the semiconductor material is smaller than the Bohr radius, Coulomb
interaction becomes stronger and spatially confined electron-hole pair form
an exciton. As a consequence of the confinement, the energy levels in the
conduction and valance band become quantized. Brus et al. [60] provided
a model for quantum confinement effect in QDs, which gave the expression
for the energy of bandgap of QD (Egap) based on the material being used and
its bandgap in bulk form.
Egap = Ebulk +
π2h̄2
2R2
[
1
me
+
1
mh
]− 1.8e
2
εR
(1.4)
where Ebulk is the bandgap of the bulk material, h̄ is the Plank’s constant, R
is the QD radius, me is the effective mass of the electron of the material, mh is
the effective mass of hole of the material, e is the charge of an electron and ε is
the dielectric constant of the material. The second term in equation 1.4 is the
quantum energy of localization, and the last term is the Coulomb attraction;
both terms depend on the QD radius. The energy of the bandgap increases
with decreasing the QD radius due to the stronger quantum energy of local-
ization compared to the Coulomb attraction, which is the reason behind the
size-dependent optical properties of the semiconductor QDs.
Single semiconductor QDs have proven to be an ideal source of single
photons under both optical and electrical excitations [24, 26]. Figure 1.4(b)
display the schematic energy level diagram of electrons and holes confined in
a QD. In a photoluminescence event, an absorbed photon excites an electron
from the valance band to the conduction band, leaving behind a hole; both
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charge carriers quickly relax to the band-edges. The radiative recombination
of electron and hole in a single QD results in the emission of a photon with
an energy equivalent to the difference between the lowest initial and final ex-
citonic states [61]. The recombination of electron and hole has a characteristic
decay time, which depends on the radiative and non-radiative decay rates.
The emission of a photon happens only after a finite decay time. Therefore
the QD can be populated again with the charge carrier only after this decay.
Hence only one single photon can be emitted at a given time, which makes
the single QD as an ideal source for single photons [62]. On-demand sin-
gle photons can be generated from a single QD under the pulsed excitation
scheme [24].
1.4.2 Neutral and Charged Excitons in CdSe Core/Shell QDs
Recent spectroscopic studies on colloidal CdSe core/shell QDs revealed that
the QD emission occurs not only from neutral exciton state but also from a
photocharged state known as trion state [63, 64]. Trion has an extra charge
carrier along with an electron-hole pair (exciton). That is, it has two electrons
in the case of negatively charged QDs or two holes in the case of positively
charged QDs. Trion emission has been observed from single CdSe QDs with
thick shell or gradient thick shell structure [65, 66] and the PL emission from
these QDs switches between exciton and trion. At room temperature, the
photon counting behavior of PL emission from the single QDs showed two-
step like behavior due to the difference in QE of the two emitting state. Trion
has a less QE at room temperature, but it has been observed that the trion
QE has improved to 100% at cryogenic temperature by using thick shell or a
gradient shell QDs with CdS or CdS/ZnS shell [66, 67].
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1.4.3 Linewidth Broadening in QDs
The radiative lifetime (τ) of an exciton state indicates the time scale at which
a spontaneous emission occurs. In a system without any dephasing mecha-
nisms, the natural linewidth (Γ) of an exciton transition is inversely propor-
tional to the τ as,
Γ =
h̄
τ
(1.5)
Assuming a typical lifetime of τ = 40 ns for CdSe QDs [63], we get a linewidth
Γ of 0.017 µeV.
Due to the quantized energy levels in QDs, one would expect to see a
sharp spectral line corresponding to the energy difference between the levels.
However, in experiments, the emission spectrum of single QDs was observed
to be highly broad due to the dephasing mechanisms [68, 69]. At room tem-
perature, a spectral width of around 20 nm FWHM (60 meV) was observed,
due to spectral diffusion and carrier-phonon coupling. Spectral diffusion is
mainly caused by the charge fluctuations in the local environment of the QD,
which induces a shift in the band-edge due to the Stark effect [68, 70]. Since
solid state emitters are hosted in a crystal, and they interact with the crys-
tal lattice. The probability of the coupling process to phonon scales strongly
with temperature, such that a significant increase in spectral width can be
observed in experiments. Both these effects contribute to the broadening of
emission spectrum.
To achieve narrow emission spectral width and indistinguishable photons
from QDs, operation at cryogenic temperature is inevitable. The research
demonstrated in this thesis is carried at cryogenic temperatures for gener-
ating single photons with narrow spectral width from semiconductor CdSe
core/shell QDs.
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Figure 1.5: Second order correlation function g2(τ) for photons from three different
light sources. A thermal source (supper-Poissonian), laser source (Poissonian) and
single photon source (sub-Poissonian).
1.5 Characteristics of Single Photon Source
In this section, we explain the performance metrics used to evaluate a sin-
gle photon source, later on, utilized to experimentally determine the perfor-
mance of the hybrid system developed for fiber in-line single photon gener-
ation.
1.5.1 Purity of Single Photon Source
The purity of a single photon source is determined based on the statistics
of photon arrival time distribution. Photon statistics relate how the num-
ber of photons emitted by a light source behaves, how the photons are cor-
related with each other, and how properties of these photons vary [71, 72,
73]. The statistical photon arrival time distribution is well described by the
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second-order intensity-intensity correlation function known as g2(τ). The
g2(τ) quantifies the probability of emitting a photon at a later time (t + τ)
after a photon has been emitted at time t, normalized by the average proba-
bility of emitting a photon at any time. The g2(τ) is given by the following
expression,
g2(τ) =
〈I1(t)I2(t + τ)〉
〈I1(t)〉〈I2(t + τ)〉
(1.6)
where I1(t) and I2(t + τ) are the intensities of light reaching at detector 1
and 2 at time t and t + τ respectively and the angular brackets denote the
time averaging. g2(τ) is the correlation of intensities or the number of pho-
tons arrived at detectors. It has been theoretically and experimentally shown
that the g2(τ = 0) for photons from a thermal source (super-Poissonian dis-
tribution) is 2, implying correlated or bunched emission of photons [73, 74]
as shown in Fig. 1.5 by the blue curve. It has a unit value for a coherent
source (Poissonian distribution) as plotted in Fig. 1.5 by the yellow curve.
In case of a single photon source (sub-Poissonian distribution) g2(τ = 0) is
0 [75], which means that only one photon is emitted at a time, signifying
anti-bunching and this determines the purity of single photon source. The
behavior of g2(τ) versus τ is shown in Fig. 1.5 by the red curve. However,
the value of g2(τ) for all sources approaches unity for long time delays.
A practical single photon source shows a strong anti-bunching dip close
to zero at zero time delay, and such measurement results are considered as
proof that the emission originates from a single quantum emitter. The g2(τ)
can be measured by employing a Hanbury-Brown Twiss setup [76], where
the photons are split using a 50:50 beam splitter and send into two single pho-
ton counting modules (SPCMs). The time-stamped arrivals of photons are
then recorded by means of a time-correlated single photon counter. The mea-
surements of the normalized correlation/coincidence of photons between the
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two SPCMs yield the value of g2(τ). In the photon counting mode, the ex-
pression of g2(τ) in terms of coincidence is [73] is given by the following
expression,
g2(τ) =
NcT
N1N2τc
(1.7)
where τ is the time delay between the arrival of photons at the two SPCMs,
N1, N2, Nc are the number of photons at SPCM 1, SPCM 2 and the coincidence
counts respectively. T is the total acquisition time, and τc is the coincidence
time window. The ability of a single colloidal CdSe quantum dot to emit a
single photon is established using this procedure. In terms of the number
of emitters, the normalized correlation function at τ = 0 is expressed by the
relation, g2N(τ = 0) = (N − 1)/N, where N is the number of emitters. If the
value of g2(τ = 0) is exactly zero, then it reflects that the emission occurs
from a perfect single emitter.
1.5.2 Brightness
The brightness or the source efficiency of a single photon source can be de-
fined as the probability with which the source emits a single photon once
triggered. The experimental value of the brightness of a single photon source
can be measured using the maximum photon count rate (ΓSP) of the emitter
under pulsed excitation with a repetition rate of R. By normalizing ΓSP to the
R at which the source is triggered, we can estimate the average number of
photons emitted per excitation pulse. It should be noted that the maximum
photon count rate is limited by the repetition rate of the laser. Correcting for
the detection efficiency of the setup (α), the brightness (β) of the source can
be defined as,
β =
ΓSP
αR
(1.8)
20
The brightness is ideally limited by the spontaneous emission lifetime of
the quantum emitter. Developing solid-state quantum emitters delivering
on-demand single photons with high photon purity and brightness is a fun-
damental challenge for an efficient single photon source.
1.6 Thesis outline
The scope of this thesis is to focus on the development and spectroscopy of
a hybrid system of an optical nanofiber and a single quantum dot from the
viewpoint of fiber in-line single photon generation, which is organized as fol-
lows.
Chapter 2: Presents the experimental techniques used for developing the
hybrid system of ONF and a single QD. This chapter begins by explaining
the realization of ONF, followed by the technology used for depositing sin-
gle CdSe QDs on ONF. The design of custom-designed optical cryostat and
spectroscopy techniques is described at the end of the chapter.
Chapter 3: The development of a hybrid system of an ONF and single CdSe
QD is presented. The emission characteristics of single CdSe QDs at room
temperature are investigated through the fiber guided modes from the view-
point of single photon generation.
Chapter 4: we explain the development and characteristics of a hybrid sys-
tem of ONF and single CdSe QDs, which is operated a cryogenic tempera-
ture of 3.7 K. We systematically investigated the emission characteristics of
single QDs in the hybrid system by observing the emitted photons through
the fiber guided modes. We experimentally show that for quantum photonic
applications, charged exciton (trion) is superior to neutral exciton at cryo-
genic temperatures.
Chapter 5: A method to control the occurrence of trion in a single CdSe QD
optically at cryogenic temperatures is presented. We used a hybrid system
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of ONF and single QD at cryogenic temperature and systematically inves-
tigated the photocharging behaviors of CdSe QDs by varying the excitation
laser intensity and wavelength. Most notably, we have established a method
to create permanently charged QDs as long as the cryogenic conditions are
maintained.
Chapter 6: Presents the development and performance of an efficient fiber
in-line single photon source based on a hybrid system of a photocharged sin-
gle QD on an ONF at cryogenic temperature.
Chapter 7: The results are summarized, and an outlook to the future prospects
is presented.
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Chapter 2
Experimental Techniques
The experimental results presented in this thesis were collected from differ-
ent experimental setups using various technologies. This chapter will explain
the experimental techniques used for the development and the spectroscopic
studies of the hybrid system of ONF and a single QD. The experiments were
carried out both at room temperature and at a cryogenic temperature of 3.7
K. This chapter will begin by explaining the realization of ONF, followed by
the technology used for depositing single CdSe QDs on ONF. The design of
an optical cryostat system and spectroscopy techniques are described at the
end of the chapter.
2.1 Fabrication and Characterization of ONF
ONFs were experimentally realized by adiabatically tapering commercial
single-mode optical fibers using heat and pull technique with a transmission
of > 99% [27, 77, 78, 79]. A schematic diagram of the fiber taper is shown in
Fig. 2.1. The nanofiber region is located in the central region of tapered fiber.
A typical fiber consists of 125 µm diameter with core and clad. By heating
and pulling, the original fiber is tapered down to a few hundred nanome-
ters, and the core almost vanishes out to form the uniform waist region. It
is important to note that in the region where the core begins to vanish, the
fiber mode transitions from a core guided-mode to a clad guided-mode. It
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Figure 2.1: Schematic of a tapered optical fiber, the central uniform waist is the
nanofiber region, L. R0, z0, represents the original fiber radius and stretched dis-
tance, respectively.
should also be noted that the original core guided-mode should be adiabati-
cally coupled to the clad guided-mode for the minimal optical loss.
2.1.1 Design of ONF
The adiabatic tapering condition ensures that the transition of fundamen-
tal core-mode to fundamental cladding-mode (nanofiber mode) takes place
without any loss of power to higher-order cladding-modes. In the nanofiber,
the fundamental mode (HE11) of the optical fiber is automatically coupled to
the mode of the nanofiber with minimal optical loss, and it is achieved by
adiabatic criteria for the tapering angle [80]. The idea is to change the fiber
diameter slowly along the propagation direction of the light such that all the
optical power remains in the fundamental mode (HE11) while the coupling
to other modes is suppressed. The adiabatic tapering condition is given by,
| dR
dz
|= R
2π
[β1(z)− β2(z)] (2.1)
where R and dRdz are the radius and taper angle at a specific point. β1(z) and
β2(z) are the propagation constants of the fundamental mode and the next
higher-order mode with the same symmetry. When the wavelength and di-
ameter satisfy the single-mode condition for nanofiber, only the fundamental
mode can propagate through the nanofiber. However, the tapered region can
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support higher-order modes, which results in transmission loss. The tapering
angle suggest a typical profile for the tapered fiber. In a heat and pull tech-
nique one can control the profile of the nanofiber by controlling heat zone
and stretching distance of the fiber.
If a commercial silica fiber with a radius R0 is heated with a fixed heat
zone of length L (scan length of flame) and stretched through a distance of
2z0, a uniform waist region of smaller radius R(z0) with a length L is created
at the center with a taper region on either side. The taper profile function is
given by the equation 2.2, which follows a decaying exponential profile [77],
R(z) = R0e−z/L (2.2)
The heat zone length and stretching distance decide the radius of the nanofiber.
Also, the uniform waist length of nanofiber is equal to the scan length.
2.1.2 Fabrication of ONF
Heat and pull technique is the standard way for fabricating ONFs, where a
section of a commercial optical fiber is heated and pulled in a programmed
way. Heating of the fiber section is achieved by different methods such as
flame brushing using hydrogen and oxygen gas [81], micro-ceramic heaters
[82], CO2 laser heating [83, 84], etc. The methods mentioned above have
their own merits and demerits. We use a flame brushing technique because
of its versatility in taper design and the ability to produce ONFs with better
transmission.
Figure 2.2 shows the schematic of the fabrication setup. The ONFs fab-
rication system consists of four main elements [85]. (i) two synchronized
stage systems, (ii) flame unit, (iii) control unit, and (iv) transmission measure-
ment unit, and all systems are fully automated and computer-controlled. The
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Figure 2.2: Schematic layout of the ONF fabrication system, the dashed box shows
the transmission measurement unit. The flame unit, stage system and control unit
are indicated in the photograph.
whole system is inside a clean booth equipped with a high-efficiency partic-
ulate air (HEPA) filter-based air cleaner. More details of the system can be
found in the Ref. [86]. The stretching distance and scan length are deter-
mined by the four input parameters of the stage system which are (i) swing
width (SW), (ii) swing speed (SS), (iii) stretching speed (StS), (iv) stretching
distance (StD).
We used commercial single-mode fibers (SM 600, Fibercore, fiber diame-
ter: 125.7 µm, cut-off wavelength: 519 nm, mode field diameter: 4.3 µm) for
the ONF fabrication. The polymer coating (jacket) from some section (5 cm)
of the fiber was removed by keeping in acetone for about 15 minutes. We
use a procedure where the flame is stationary, and the two stages holding the
fiber section oscillate and stretch inside the flame of hydrogen-oxygen gas.
Since we use the quantum dots with an emission wavelength of 650 nm,
the channeling efficiency has the highest value for a fiber size parameter of
1.44, which corresponds to a nanofiber diameter of 310 nm. Therefore fab-
ricate the nanofiber with a diameter of 310 nm and a uniform waist length
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Table 2.1: Typical parameters for producing ONFs with uniform waist
length of 2.5 mm and diameter 310 nm. SW, SS, StS, StD represents swing
width, swing speed, stretching speed, stretching distance, respectively.
Step SW (mm) SS (mm/sec) StS (mm/sec) StD (mm)
1 5.5 3.2 2 0
2 5.5 3.2 0.2 4.81
3 5.5 3.2 0.1 11.68
4 5.5 3.2 0.2 32.4
5 2.5 3.2 0.48 48.05
of 2.5 mm by using a 5 step process.Table 2.1 lists the parameters such that
the adiabatic condition was satisfied for minimal transmission loss. In the
first step, the flame brushes on the fiber with a 5.5 mm swing width (SW)
at a swing speed (SS) of 3.2 mm/sec without stretching. The stretching was
started from the second step onwards while the flame brushes on the fiber
with the corresponding swing width and the fiber was stretched to a length
of 48.05 mm to achieve the desired nanofiber diameter. The stretching dis-
tance determines the nanofiber diameter, whereas the speed and amplitude
of oscillation control the taper shape.
2.1.3 Transmission and Diameter Measurements of ONF
To measure and monitor the transmission of ONF, a 650 nm laser was sent
through the fiber while heating and pulling the fiber. The transmission mea-
surement unit is shown in the Fig. 2.2. For better accuracy of measurement,
the light from the laser is split into two via fiber beam splitter, where one
of them was sent to a detector for reference and the other to another de-
tector through the fiber, which was used for ONF fabrication. The simul-
taneously recorded reference and the signal during the heating and pulling
process yields the transmission profile of the ONF. Figure 2.3 display the
transmission profile of ONF, measured during the fabrication process. The
effective single-mode transmission after the fabrication was estimated to be
99.1±0.1%. The transmission drop around 150 sec represents the core-mode
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Figure 2.3: Transmission characteristics of ONF measured during the heating and
pulling process. ONF transmission after the fabrication was estimated to be
99.1±0.1%.
cut-off transition region where the core begins to vanish and the fiber mode
transitions from a core guided-mode to a clad guided-mode, which is strongly
confined by the silica–vacuum interface (vacuum-clad fiber).
The diameter profile of the fabricated ONF was measured using a scan-
ning electron microscope (SEM)(Keyence VE-9800). The ONF was gently
mounted on a metal plate using UV curable glue and sputtered with a few
nanometer layers of platinum. The sputtering helps to prevent the charg-
ing up of the ONF due to the electron beam of SEM. The images at different
positions along the ONF with a step of 0.25 mm were taken by placing the
sample in SEM. A typical SEM image of the ONF with a diameter of 310 nm
is shown in Fig. 2.4(a). These images were analyzed to determine the diam-
eter profile of the ONF. Figure 2.4(b) shows the measured diameter profile
of 310 nm ONF. Each data point in Fig. 2.4(b) corresponds to the average
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Figure 2.4: Characteristics of the fabricated ONF. (a) SEM image of an ONF with a
diameter of 310 nm. (b) Measured diameter profile of the ONF.
of measured diameter in the same image with a standard deviation as error
bars. The fabricated nanofiber has a uniform waist diameter for a length of
2.5 mm with a waist diameter of 310 ±10 nm. The diameter and transmis-
sion were reproducible within the experimental error for the designed ONF
pulling parameters.
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Figure 2.5: Photograph of the ONF holder.
2.1.4 Design of Holder for ONF
The holding structure for ONF was carefully designed for compatibility with
the experimental systems. Since most of the experiments were performed
at cryogenic temperature, the holder was made of silica and invar to min-
imize the thermal contractions due to the cooling. Figure 2.5 display the
photograph of the holding structure with ONF. The holder has a U- shaped
design with an opening length of 70 mm for the optical access. The ONF was
mounted straight between the two arms of the holder. The ONF was fixed to
the V-groove of the U-shaped holder by mechanically fixing it with a piece of
silica structure at the top edge of each U-pillar. Mechanical fixing with silica
plate was chosen to match the expansion coefficient of the fiber and to make
sure that the tension on the fiber is minimum during the cooling process.
2.2 Characteristics of CdSe Core/Shell Colloidal QDs
For the experiments demonstrated in this thesis, we used CdSe QDs with a
thick gradient shell of CdS and an outermost ZnS shell in the toluene col-
loidal solution. The QDs were synthesized in lab-scale in collaboration with
a Japanese company, NS materials, Inc.
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Figure 2.6: CdSe core/shell colloidal QDs. (a) Scanning electron microscope image of
the QDs. (b) Absorbance spectrum of QDs in toluene colloidal solution, in the inset
an enlarged view of the band-edge absorption is shown.
Core/shell structured QDs with thick and gradient shells, which emit 640
nm fluorescence, were synthesized using an improved method described in
Refs.[87, 88]. The core structure of the QDs mainly composed of cadmium
(Cd) and selenium (Se) was first synthesized by reacting a Cd based com-
pound and Se at a high temperature above 250 ◦C in non-polar organic sol-
vents. The QD-core was separated by precipitation with ethanol, followed
by centrifugation (7,500 rpm) to purify the QD-core. Protection of the CdSe-
core with an inorganic shell was performed by reacting zinc (Zn) based com-
pounds and sulfur (S) at a high temperature above 280 ◦C. The reaction was
repeated at least two times to generate a thicker and gradient shell structure
of more than 5 nm thickness. The core-shell structured QD was purified by
a combination of precipitation and centrifugation (7,500 rpm), then stored in
toluene. The QE of the QDs was measured as 85±5% in a colloidal solution
using an integrating-sphere photometer.
Figure 2.6(a) shows the scanning electron microscope image of the synthe-
sized thick gradient shell QDs. The average size of the single QDs is less than
10 nm. The ensemble absorption spectrum of QDs is plotted in 2.6(b), and an
enlarged view around the band-edge is shown in the inset (black curve). The
band-edge absorption occur at 631 nm (1.96 eV). Figure 2.7 display typical
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Figure 2.7: Emission spectrum of a single CdSe QD at room temperature.
emission spectrum of a single QD at room temperature. The central wave-
length of PL emission spectrum is 640 nm (1.94 eV) with an FWHM of 20 nm
(61 MeV). The emission spectra of single QDs in the sample shows a relative
shift due to the size distribution of QDs in the colloidal solution.
The broad emission spectral width of the single CdSe QDs makes them
less preferable for applying such QDs to photonic applications. But this fee-
ble factor can be overcome by extending the working temperature to cryo-
genic temperatures, and it is one of the main objectives of this thesis. At
cryogenic temperature, the narrowing of spectral width could be expected.
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Figure 2.8: Sub-picoliter needle dispenser system. (a) Photograph of the needle dis-
penser system installed on an inverted microscope. (b) Schematic illustration of the
needle and the liquid reservoir.
2.3 Precise Deposition of Single CdSe QDs on an
ONF
Deterministic and precise deposition of single solid-state quantum emitters
on nanophotonic structures is essential for real application in quantum in-
formation science. Until now, various techniques have been developed for
depositing single solid-state emitters, especially on the nanofiber [56, 89, 90].
We developed a sub-picolitre needle dispenser system to deposit single CdSe
QDs deterministically on the nanofiber. The experimental system and the
procedures are detailed in this section.
2.3.1 Sub-picoliter Dispenser System and Inverted Micro-
scope
We developed a sub-picoliter needle dispenser system installed on an in-
verted microscope for depositing the single QDs on the nanofiber. Figure
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2.8(a,b) shows the photograph and schematic of the needle dispenser system.
The dispenser system consists of a tapered glass-tube and a tungsten needle.
The internal volume of the glass tube was about 5 mm3, with a 200 µm open-
ing at the bottom end. The tungsten needle was set inside the glass-tube via a
computer-controlled stage with a precision of 250 nm in the vertical (z-axis)
direction, and the whole system is installed on a separate X-Y-Z microme-
ter stage. The function of the glass tube is to act as a reservoir for the QD
solution. We used a tungsten needle with a tip diameter of 5 µm so that it
dispenses only a small amount (pico-liter volume) of the QD solution.
To manipulate the position of the nanofiber, we used an inverted micro-
scope (Nikon, Eclipse Ti-U) [91] with a high precision X-Y translation stage
(Sigma koki, FC-401G) [92]. The precision stage has a travel range of ±15
mm from the center with a step resolution of 50 nm, which is controlled by
the computer. The microscope has two input ports having beam splitters (60
(T):30 (R)), one is for QD excitation, and the other is for white light illumi-
nation. The microscope is equipped with objective lenses of different mag-
nification (5X, 10X, 20X, 40X) for excitation and imaging along with a CCD
camera. The whole system is inside a clean booth equipped with a HEPA
filter-based air cleaner.
2.3.2 Deposition Procedure for Single QDs on an ONF
Single CdSe QDs are deposited on the ONF using the computer-controlled
sub-picoliter needle dispenser. Fig. 2.9 shows the schematic of the experi-
mental system. An ONF with a diameter of 310 nm is used for the experi-
ments, which is fixed to the X-Y stage on the microscope. The central part of
the nanofiber is located and imaged on the CCD using an objective lens. A
tungsten needle with a tip size of 5 µm was used for the experiment to get
a very localized spacial control on the ONF. The objective axis is fixed and
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Figure 2.9: Schematic diagram of the experiment. OL, BS, and FM are objective lens,
beam splitter, and flipper mirror, respectively
the needle axis is adjusted to coincide with the axis of the objective lens us-
ing the X-Y of the micrometer stage. The glass tube filled with CdSe QDs in
toluene colloidal solution (concentration of 1013 dots/cm3) acts as the reser-
voir of QDs solution for the deposition. The glass-tube end was set 100 µm
above the nanofiber.
A He-Ne laser was sent through the ONF prior to the QD deposition
to monitor the process. The contact between the needle tip and nanofiber
was controlled via computer by monitoring the scattered laser light from the
nanofiber through a CCD camera. Once the needle tip passes through the
glass tube containing the QD solution, it carries a small amount at its edge,
and the needle tip was allowed to touch the nanofiber surface to deposit a
single QD. The speed of the needle was adjusted to 100 µm/s so that the tip
could touch the nanofiber surface before toluene on the tip dried up. After
the needle touches the nanofiber surface for 10 ms, the needle tip was moved
back into the glass tube. The spatial accuracy of the QD deposition along the
nanofiber axis was estimated to be 0.4 µm. The above process allows QDs to
be deposited very precisely with a success probability of about 60% for single
QD deposition for each trial.
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Figure 2.10: Schematics of the cryogenic system and the associated components.
2.4 Optical Cryostat System for Cooling the Hy-
brid System
An optical cryostat was designed and build aiming to cool the hybrid sys-
tem of an optical nanofiber and single quantum dots. The uniqueness of the
cryostat is that the hybrid system is cooled down to 3.7 K via He buffer-gas
cooling. The following sections describe each component of the setup.
2.4.1 Cryostat System
Figure 2.10 display the schematic of the cryogenic system and the associated
components. The cryostat exhibit an elongated aluminum chamber consist
of a two-layer structure and a sample chamber made of copper. The cryo-
stat chamber can be opened from underneath, and the sample chamber is
fixed to the bottom of the cold plate. The two-layered heat shield surround-
ing the sample chamber protects from black-body radiation. There are fused
silica glass windows mounted on the side of the sample chamber and the
shields to provide optical access to the sample chamber. The whole cryostat
is mounted and hanging on a support frame, which is fixed to the optical
table. A vacuum value connecting to the inside of the cryostat is provided at
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Figure 2.11: Photographs of the cryogenic system (a) Front View of the cryostat and
cold head. (b) Bottom view of the cryostat showing the sample chamber attached to
the cold plate
the top to evacuate the cryostat. The photographs of the cryostat are shown
in Fig. 2.11. Figure 2.11(b) display the bottom view of the cryostat showing
the sample chamber attached to the cold plate.
The cryostat can be cooled down to 3.7 K by a pulse-tube refrigerator
(RP-082B2S, Sumitomo Cryogenics). The pulse-tube refrigerator consists of a
cold head, valve unit, and a compressor. The main function of the cold head
is to produce continuous closed-cycle refrigeration at temperatures, depend-
ing upon the heat load imposed. The cold head is attached to the cryostat
through a metal expansion joint. The cold head is mounted on a support
frame, which is fixed to the ground to reduce the effect of vibration. The key
factors which distinguish the pulse-tube refrigerator from the conventional
cryocooler are that it has no moving part in the cold head and generates less
vibration, which is essential for the nanophotonics experiments. The cold
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Figure 2.12: Cross sectional view of the cryostat showing the copper sample chamber
head of the refrigerator is driven by a He compressor (F-70, Sumitomo Cryo-
genics) in closed-cycle mode, and the compressor is water-cooled. The sup-
ply pressure of He in the compressor is maintained at 15 bar. The function of
the compressor is to provide the high-pressure He-gas and power to the cold
head.
2.4.2 Sample Chamber
The sample chamber underneath the cold plate has an inside diameter of 13
cm and a height of 10 cm. Fig. 2.12 shows the cross-sectional view of the cryo-
stat showing the sample chamber. The sample chamber has a feedthrough
pipe, which is used to evacuate the sample chamber and to fill the sample
chamber with He buffer-gas at a pressure of 15 kPa at room temperature.
The sample chamber also has two feedthroughs for optical fiber access along
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Figure 2.13: Cooling characteristics of the cryostat versus time
an axis. All the feedthrough are vacuum-sealed using vacuum coupling ra-
diation (VCR) metal gaskets. A temperature sensor and a heater are placed
at the inside bottom of the chamber.
The hybrid system of ONF and single QDs can be installed into the sam-
ple chamber. Both ends of the fiber are then taken outside through the fiber
feedthrough, which is vacuum-sealed using a silicone elastomer (CAF4, Blues-
tar silicones). A stage allows the translation along the fiber axis. The sample
chamber is covered with a copper body, which is vacuum-sealed to the insu-
lation vacuum by an indium wire vacuum seal. The sample chamber can be
fixed into the clod plate of the cryostat.
40
2.4.3 Cooling Characteristics of the Cryostat
The major component the cryostat cooled by a pulse-tube refrigerator is shown
in Fig. 2.10. The cold head where the refrigeration cycle takes place is con-
nected to the compressor by two gas pipelines and an electrical power cable
through a valve unit. One of the gas lines (He supply line) supplies high-
pressure He-gas to the cold head. The He supply gas will be passed into
the displacer-regenerator assembly of the cold head where the He expansion
takes place and provides a cooling condition for the first stage (operates in
the range of 45-90 K, with a cooling power of 35 W) and second stage (less
than 10 K, with a cooling power of 0.9 W) of the refrigerator. Each stage, in
turn cools an extended surface and the cold plate of the cryostat. The other
line (He return line) returns low-pressure He-gas from the cold head.
In order to cool down the cryostat, it is necessary to establish an insulat-
ing vacuum inside the cryostat first. Before starting the cooling, the sample
chamber is evacuated to 10−2 Torr using a turbo molecular pump (TMP)(TMH
261, Pfeiffer) and filled with He-gas at a pressure of 15 kPa at room temper-
ature. Then the TMP is connected to cryostat and pumped to an insulating
vacuum of 10−5 Torr before cooling. By starting the compressor unit, the
cryostat cools down to 3.7 K from room temperature after about 8 hours. Fig-
ure 2.13 shows the cooling characteristics of the cryostat versus time. The
cooling rate of the cryostat is about 40 K/hr. The temperature of the cryo-
stat was measured at the inside bottom of the sample chamber and also at
the cold plate using a temperature controller (Cryocon 24C). This way, the
ONF/QD hybrid system installed inside the sample chamber can be cooled
down to 3.7 K via the He buffer-gas cooling.
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Figure 2.14: Measurement setup: OMA, F, BS, and SPCM denote optical multichan-
nel spectrum analyzer, colour-glass filter, beam splitter, and single-photon counting
module, respectively.
2.5 Photoluminescence Measurements
This section will detail the measurement techniques used to study the emis-
sion characteristics of the single QDs in the hybrid system. Figure 2.14 il-
lustrates the measurement setup for the emission characteristics of the single
QDs in the hybrid system. The single QDs were excited perpendicularly to
the nanofiber with cw or pulsed lasers at different wavelengths. The excita-
tion laser was focused on the nanofiber using an objective lens or a combi-
nation of lenses. The photoluminescence (PL) photons from the single QDs
were measured through the fiber.
A 560 nm long-pass filter (O56, HOYA) is used to remove the scattered
laser light from the signal. The PL photons from one side of the ONF were
introduced into a spectrometer for spectral measurements. The PL photons
from the other side of the ONF were used for photon counting/correlation
measurements.
2.5.1 Spectral Measurements
The emission spectral measurements of the single QD were measured us-
ing an optical multichannel analyzer (OMA) spectrometer. The OMA con-
sists of a 35-cm monochromator (MS3504i-SOL) with a focal length of 35 cm
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Figure 2.15: Hanbury-Brown and Twiss (HBT) set-up: BS, SPCM and TCSPC denote
beam splitter, and single-photon counting module and time correlated single photon
counting, respectively.
equipped with a water-cooled CCD camera (Andor, DV420A-OE). The PL
photons from the single QDs are introduced into the OMA through a multi-
mode fiber. We used three gratings of the monochromator with groove den-
sities of 300 lines/mm, 600 lines/mm and 1800 lines/mm leading to instru-
mental widths of 0.83±0.03 nm, 0.31±0.03 nm and 0.11±0.02 nm, respec-
tively. The instrumental widths were estimated by measuring the spectral
width of a He-Ne laser, which has a narrow spectral width of 2 pm.
2.5.2 Photon Correlation Measurement System
The photon correlation measurements of the PL photons were performed us-
ing a Hanbury-Brown and Twiss (HBT) setup, as illustrated in Fig.2.15. It is
an essential tool to demonstrate the emission of a non-classical light source.
The setup consists of a 50:50 beam splitter, two single-photon counting mod-
ules (SPCM-AQRFC, Perkin Elmer) that detect light with single-photon sen-
sitivity and a time-correlated single-photon counting (TCSPC) system. The
fiber guided photons from the single QDs are split into two using a 50:50
beam splitter, and the two output was coupled to multi-mode fibers, which
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Figure 2.16: Time resolved PL measurement setup set-up: SPCM and TCSPC denote
single-photon counting module and time correlated single photon counting, respec-
tively.
was then connected to two separate fiber-coupled SPCMs. The arrival times
of the photons at the two SPCMs were recorded using a TCSPC system (Pi-
coharp 300). From the photon arrival times, a histogram of the detection
time differences of the photons between the two channels can be generated
in post-processing. This histogram represents the photon coincidence as a
function of delay time between the two channels. The histogram was then
normalized to the coincidences at a long time delay to get the second-order
correlation function (g2(τ)). An electrical delay in one of the SPCM paths
was introduced to get the correlation in the negative time delay. The overall
resolution of the detection setup was 290 ps.
2.5.3 Time Resolved Photoluminescence Measurement Sys-
tem
Time resolved PL is one of the most employed techniques to investigate the
temporal behavior of PL emission. The temporal behavior of QD emission
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was studied by excitation with a pulsed frequency-doubled YAG laser at
532 nm wavelength with a repetition rate of 500 kHz. The pulsed laser is
a mode-locked laser with a pulse width of 10 ps. Time-correlation of the de-
tected photon events and the excitation laser sync pulse is used to obtain the
emission decay behavior. The schematic of the measurement setup is shown
in Fig. 2.16. It consists of an SPCM and sync from the exciting laser pulse
connected to a TCSPC.
The electrical pulse generated by SPCM upon the photon arrival is con-
nected to the “START” channel of the TCSPC (channel 1 of Picoharp 300) sys-
tem while the sync pulse (electric TTL) signal from the pulsed laser connected
to the “STOP” channel of the TCSPC (channel 0 of Picoharp 300) system.
Upon periodic pulsed excitation of the single QDs and subsequent emission
of single photons, each photon event is detected in channel 1, the time dif-
ference between the photon event and the next sync pulse time is recorded.
The histogram of the time difference gives the emission decay profile of the
QD. The histogram is generated with a time bin of 64 ps. The reverse START-
STOP configuration allows discarding excitation pulse events, which do not
result in a detection of the generated photon. The photon count rate from the
QD is adjusted to < 1% of the laser repetition rate to prevent pile-up error.
2.6 Chapter Summary
In chapter 2, we introduced the experimental techniques, which will be used
throughout this thesis. In the first section of the chapter, we explained the
fabrication of ONF utilizing the heat and pull method. ONF with a high op-
tical transmission of > 99% was realized. The fabricated ONF has a uniform
waist length of 2.5 mm with a waist diameter of 310 nm, optimal for coupling
single photons from CdSe QDs at 640 nm.
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In the second section of the chapter, We discussed the experimental tech-
niques and procedure for depositing single QDs on the surface of nanofiber
using a computer-controlled sub-picoliter needle dispenser system.
In the third section of the chapter, we explained the design and imple-
mentation of the custom-designed optical cryostat. A pulse-tube refrigerator
cools the cryostat. The cryostat is capable of cooling the ONF/QD hybrid
system installed in the sample chamber to 3.7 K by He buffer-gas cooling.
In the last section of the chapter, various experimental techniques imple-
mented to characterize the single-photon emission from CdSe QDs are dis-
cussed, which include spectral measurements, photon correlation, and time-
resolved PL measurements.
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Chapter 3
Hybrid System of ONF and Single
CdSe QDs at Room Temperature
3.1 Introduction
Single-photon manipulation and coupling of single emitter fluorescence to
a single-mode optical fiber play a central role in the realization of quantum
information technologies. Towards this purpose, various hybrid nanopho-
tonic systems have been developed. The primary issue of the hybrid system
is to achieve strong confinement of light field mode so that there is a sig-
nificant overlap between the photoabsorption cross-section of the quantum
emitter and light field. Nano-waveguides, optical nanofiber, photonic crystal
waveguides or cavities, and plasmonic structures [18, 28, 39, 44, 93] are the
state-of-the-art examples.
Optical nanofibers offer a unique fiber in-line platform for single-photon
manipulation and coupling single emitter fluorescence to a single-mode op-
tical fiber. We developed a hybrid system of ONF and single colloidal CdSe
QDs using the experimental techniques explained in chapter 2. We systemat-
ically investigated the emission properties of the single CdSe QDs deposited
on a nanofiber by observing the emitted photons through the fiber guided
modes. Details of the experimental results are described in this chapter.
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3.2 Experimental Procedure for Developing the Hy-
brid System
The common goal of the hybrid system is to combine single-photon sources
with a nanophotonic structure. The developed hybrid system consists of an
ONF and single QDs deposited on the nanofiber. The QDs used for the hy-
brid system were CdSe QDs with thick gradient shells in the toluene colloidal
solution. At room temperature, the emission QE of the QDs in colloidal was
measured to be 85±5%. ONFs with an optical transmission of > 99% were
fabricated by adiabatically tapering SMFs (SM 600, Fibercore) using heat and
pull techniques. The fabricated ONF had a waist diameter of 310 nm and
a waist-length of 2.5 mm. The ONF diameter was chosen such that emitted
photons at 640 nm could be efficiently channeled into the fiber guided modes
with efficiency around 22% [43, 44].
We used a computer-controlled sub-picolitre needle dispenser system in-
stalled on an inverted microscope to deposit single CdSe QDs on the nanofiber.
The details of the deposition technique were explained in chapter 2. We de-
posited QDs along the waist of ONF at ten positions with a period of 20
µm. In order to achieve a deterministic deposition of single CdSe QDs, the
concentration of the QD colloidal solution was adjusted by diluting it with
toluene. A needle tip size of 5 µm was used to get a localized deposition of
QDs on the apex of the ONF. Figure 3.1 shows the schematic representation
of the ONF/QD hybrid system. The above process allows single QDs to be
Figure 3.1: Schematic diagram of the hybrid system. Single QDs are deposited on
the waist of ONF. The emission from the single QDs coupled into the fiber guided
modes, which enable efficient generation and detection of the photons.
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Figure 3.2: Schematic of the measurement setup for the hybrid system. OMA, CCD,
BS, OL, FM, and SPCM denote optical multichannel spectrum analyzer, charge cou-
pled device, beam splitter, objective lens, folding mirror and single-photon counting
module, respectively.
deposited very precisely on the nanofiber surface.
3.3 Measurement Setup for the Hybrid System
Figure 3.2 illustrates the measurement setup for the emission characteristics
for the single QDs in the hybrid system. The single CdSe QDs were excited
perpendicularly to the nanofiber with a 532 nm cw or pulsed frequency-
doubled YAG laser. The excitation laser light is focused on the QDs on the
nanofiber through a microscope objective with a spot size of 1 µm.
The PL photons from the single QDs are channeled into the guided mode
of the nanofiber and measured through single-mode optical fibers. A 560
nm long-pass filter (O56, HOYA) is used to remove the scattered laser light.
The PL photons from one side of the ONF are introduced into an optical
multichannel analyzer (OMA) spectrometer for spectral measurements. The
PL photons from another side of the nanofiber are used for photon count-
ing/correlation measurements. A Hanbury Brown-Twiss (HBT) setup is em-
ployed for photon correlation measurements, in which the PL photons are
split using a non-polarizing 50:50 beam splitter cube and are coupled into the
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Figure 3.3: The observed PL scan of QDs along the nanofiber. The nanofiber is
scanned in one direction while the 532 nm cw laser beam is focused on it. The ex-
citation laser intensity was kept at 30 W/cm2. Each discrete peak (1 to 10) with a
separation of 20 µm corresponds to the deposited QDs on the ONF.
multi-mode fiber, and detected by two fiber-coupled single-photon counting
modules (SPCMs). The time-stamped arrival of photons is recorded using a
two-channel TCSPC (Picoharp 300, Pico Quant GmbH) with an overall tim-
ing resolution of 290 ps. For the PL decay measurements of the emission,
one of the channel (ch 0) of the TCSPC is replaced by the sync pulse from the
pulsed 523 nm laser.
3.4 Photoluminescence Emission Characteristics of
Single CdSe QDs in the Hybrid System
Figure 3.3 shows the observed PL scan of QDs along the ONF. The ONF is
scanned in one direction while the 532 nm cw laser beam is focused onto
51
-400 -200 0 200 400
0.0
0.2
0.4
0.6
0.8
1.0
1.2
g2
(
)
(ns)
0 1 2 3 4
0
1
2
3
4
5
6
 
 
O
cc
ur
re
nc
e 
pr
ob
ab
ili
ty
Number of QDs
(a) (b)
Position1
g2(0)= 0.05   0.01
Figure 3.4: (a) Photon correlation characteristics of a single QD in the hybrid system
(position 1), shows a strong anti-bunching dip at zero time difference with g2(0)=
0.05, revealing that the QD is a single quantum emitter. (b) Occurrence of single QD
deposition for the specific trail. For each trail a success probability of about 60% was
achieved for single QD deposition
the ONF with an intensity of 30 W/cm2. Each discrete peak (1 to 10) with
a separation of 20 µm in the signal corresponds to the deposited QDs along
the ONF, and the spatial accuracy of the QD deposition along the nanofiber
was estimated to be 0.4 µm. The PL photon counts from all the deposited
positions reveal that the success probability for each deposition is 100%. The
PL emission from each position is further investigated to confirm the single-
photon emission behavior.
3.4.1 Photon Correlation of Single QDs
We carried out the photon correlation function (g2 (τ)) for all the deposited
QDs on the nanofiber. A measured photon correlation at position 1 is dis-
played in Fig 3.4(a). The photon correlation shows a sharp anti-bunching
dip at zero time difference with g2(0)= 0.05±0.01, indicating that the CdSe
QD is a single quantum emitter with high purity of single-photon emission.
The number of emitters from the g2(0) value is estimated using the relation,
g2N(τ = 0) = (N − 1)/N, where N is the number of emitters. A g2(0) value
close to zero indicates that the number of emitter will be one at the deposited
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Table 3.1: Summary of g2(0) values of QDs in the hybrid system
Position g2(0) No. of QDs
1 0.05±0.01 1
2 0.42±0.03 2
3 0.05±0.01 1
4 0.05±0.01 1
5 0.40±0.01 2
6 0.39±0.03 2
7 0.05±0.01 1
8 0.05±0.01 1
9 0.05±0.01 1
10 0.65±0.03 3
spot. If the value of g2(0) is 0.5 and 0.67, the deposited spot ideally will have
two and three emitters, respectively. At all positions except positions 2, 5, 6,
and 10, the photon correlation showed a g2(0) value less than 0.09, revealing
that out of ten depositions, six deposited positions on the nanofiber consist of
single QDs. At positions 2, 5, and 6, the value of g2(0) is 0.42±0.03, 0.40±0.03
and 0.39±0.03 respectively, revealing that these positions consist of two QDs,
whereas at position 10, the value of g2(0) is 0.65±0.03. Figure 3.4(b) shows
the occurrence probability of single QD deposition for the specific trail. Out
of the ten positions on the nanofiber, six locations on the nanofiber consist of
single CdSe QD. For each trial, a success probability of a single QD deposi-
tion of about 60% was achieved. Table 3.1 summarise the g2(0) value of QDs
at ten deposited position on the nanofiber.
We also measured the photon correlation function of a single QD on the
nanofiber using a picosecond pulsed laser at 523 nm. Figures 3.5(a,b) shows
the measured coincidence versus τ for two different excitation fluence of 0.6
µJ/cm2 and 50 µJ/cm2 with a repetition rate of 2 MHz. The coincidences
between the photons at the two SPCMs are plotted against the delay time
(τ). Periodic peaks with an interval of 500 ns are observed, corresponding
to the repetition rate. The peak at τ= 0 is strongly suppressed, showing the
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Figure 3.5: Photon correlation characteristics of a single QD in the hybrid system
(position 1) measured using a pico-second pulsed laser at 532 nm with a repetition
rate of 2 MHz. (a) Measured for an excitation fluence of 0.6 µJ/cm2. (b) Measured
for an excitation fluence of 50 µJ/cm2.
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Figure 3.6: (a) Emission spectrum of a single QD in the hybrid system. The solid
curve is a Lorentzian fit to data with a a spectral width of 19.4 ±0.2 nm (60 meV)
FWHM. (b) Histogram of the center wavelength of emission from QDs in the hybrid
system
presence of single QD at the deposited position. We estimated the second-
order correlation function at g2(0) to be 0 and 0.07 for excitation fluence of
0.6 µJ/cm2 and 50 µJ/cm2, respectively, from the ratio between the area of
the peak at τ = 0 and the averaged area of side peaks on each side at 500 ns.
It is observed that even at high excitation fluence, the QD emission showed
excellent single-photon behavior.
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Table 3.2: Summary of λc (nm) and FWHM (nm) all the QDs in the hybrid
system
Position λc (nm) FWHM (nm)
1 640.4 19.4±0.2
2 640 25.0±0.4
3 638 19.1±0.2
4 639 19.4±0.2
5 641 22.0±0.4
6 637 26.0±0.6
7 639.5 19.4±0.2
8 639 19.5±0.2
9 642.7 21.5±0.4
10 643 26.0±0.6
3.4.2 Emission Spectrum of Single QDs
The emission spectrum was measured for each deposited QD position on the
nanofiber. Fig. 3.6(a) shows a typical PL emission spectrum of a single QD in
the hybrid system. The spectrum was obtained for an excitation intensity of
30 W/cm2 and integrated over 30 s. The spectrum shows a symmetric broad-
band profile with a center wavelength (λc) of 640.4 nm (1.94 eV) and spectral
width (∆λ) of 19.4 ±0.2 nm (60 meV) FWHM. The broadening is understood
mainly due to spectral diffusion and electron-phonon coupling [68, 69]. Due
to the quantized energy level of the QD, one would expect to see sharp PL
emission lines in the emission spectrum corresponding to the energy differ-
ence between the states known as zero phonon line (ZPL). But at room tem-
perature, the ZPL is superimposed on a broad phononic background, which
scales strongly with temperature. Therefor operation at cryogenic tempera-
tures is necessary to achieve a narrow spectral width for the emission.
Figure 3.6(b) shows the distribution of center wavelengths of all the QDs
in the hybrid system. The center wavelengths are distributed over a range
from 637 nm to 644 nm. The difference in center wavelength is due to the
size-dependent emission behavior of CdSe QDs [63]. Table 3.2 lists the λc
and FWHM of all the QDs on the nanofiber. It may be seen that, the emission
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Figure 3.7: Typical PL photon count rate from a single CdSe QD. (a) PL photon count
rate as a function of measurement time. (b) Histogram of the measured photon count
rate. Peaks A, B, C in the histogram correspond to exciton, trion and dark count,
respectively.
spectrum of single QD showed much narrow spectral width as compared to
the spectral width of few QDs.
3.4.3 Photon Counting Behavior of Single QDs
Figure 3.7 shows typical photon-counting behaviors of a single QD in the hy-
brid system excited for a period of 250 s at 30 W/cm2. The histogram for
the count rate is shown on the right side of the figure. The photon count-
ing shows a PL intermittency characteristic peculiar to a single QD at room
temperature.
One can readily see in the photon count rate that the emission is domi-
nated by intermittency between three well-defined levels. These three steps
in the photon count rate are marked as A, B, and C in the histogram. The
highest photon count rate, peak A in the histogram, is 16.5±1.1 kHz. The
photon count rate of peak B is 4.4±0.45 kHz, which is 26±3% of the peak A.
Regarding peak C, the photon count rate is 0.25±0.06 kHz, which is the dark
count rate of SPCM, and corresponds to the so-called blinking behavior of
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Figure 3.8: PL decay characteristics of a single QD in the hybrid system. Inset shows
the enlarged region around 20 ns. We estimated the fast decay time as 3.0±0.3 ns and
slow decay time as 43.0±0.6 ns by a two exponential fit (black curve) to the data.
the QD. The occurrence probability of peaks A, B, and C were estimated to
be 89±6, 8.0±0.5, and 3.0±0.5%, respectively by measuring the area of each
peak. The occurrence probability of blinking is rather small, 3% for the spe-
cific QD in the hybrid system. We attribute the peak A and B in the histogram
of the photon count rate to the neutral exciton and the trion emission, respec-
tively [63, 94]. The peak count ratio for trion (B) to exciton (A) is 0.26, leading
to the fact that emission QE of the trion is 26±3% of that of the exciton. The
intermittency is due to the switching of emission between exciton and trion
transition.
3.4.4 Photoluminescence Decay of Single QDs
Figure 3.8 shows a typical PL decay behavior of a single QD in the hybrid
system measured by excitation with a ps pulsed laser. The repetition rate of
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the 532 nm laser was fixed to 0.5 MHz. The decay curve is acquired for a
period of 200 s and a time resolution of 64 ps. The emission is filtered with
an interference filter of a 40 nm FWHM at 650 nm. The decay profile shows
a bi-exponential behavior, although the fast component of PL decay is rather
small. We estimated the fast decay time as 3.0±0.3 ns and slow decay time as
43.0±0.6 ns by a two exponential fit to the data. The slow decay component
in the PL decay curve is ascribed to the exciton decay, whereas the fast decay
component in the PL decay can be understood as the trion decay time [63].
Table 3.3 lists the emission characteristics of all the QDs in the hybrid system.
All the Single QDs showed highly pure single photon emission with g2(0)
values close to zero. Due to the non-uniform size distribution of QDs in the
colloidal solution, the emission spectrum distributes over a range of 637 nm
to 643 nm. Also, the emission from few QDs showed broader spectral width
compared to the single QDs.
Table 3.3: Summary of the emission characteristics of all the QDs in the
hybrid system
Position g2(0) λc (nm) FWHM (nm) Decay time [exciton, trion] (ns)
1 0.05±0.01 640.4 19.4±0.2 43.0±0.6, 3.0±0.3
2 0.42±0.03 640 25.0±0.4 42.2±0.6, 3.7±0.3
3 0.05±0.01 638 19.1±0.2 38.0±0.6, 2.8±0.3
4 0.05±0.01 639 19.4±0.2 41.0±0.6, 3.0±0.3
5 0.40±0.01 641 22.0±0.4 46.0±0.9, 3.8±0.4
6 0.39±0.03 637 26.0±0.6 40.5±0.6, 3.2±0.4
7 0.05±0.01 639.5 19.4±0.2 43.0±0.6, 3.0±0.3
8 0.05±0.01 639 19.5±0.2 41.0±0.5, 3.3±0.3
9 0.05±0.01 642.7 21.5±0.4 47.0±0.6, 3.6±0.3
10 0.65±0.03 643 26.0±0.6 51.0±1.0, 3.5±0.4
3.5 Quantum Efficiency of QDs
We obtained the quantum efficiency (QE) value of 85±5% for the QD solu-
tion using an integrating-sphere photometer [95]. From Fig.3.7, the measured
photon-counting behavior of a single QD reveals that the QD emission stems
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from both exciton and trion and the QE of the trion is 26±3% of that of the
exciton. So we estimate the lower limit of the exciton QE for the QD on the
ONF. Since the QE value of QDs in colloidal solution was measured to be
85±5%, we assume that the lower limit of the QE for a single QD in the hy-
brid system is 80%. Regarding the measured QE of the QD solution, the QE
value is an effective average for a mixture of both exciton and trion. This situ-
ation can be formulated as follows. The photon emission rate for the exciton
(ne) and trion (nt) can be written under a stationary condition as ne= ηeNe
and nt= ηtNt, respectively, where ηe, ηt and Ne, Nt are the QE and excitation
rate for the exciton and the trion, respectively. The total photon emission rate
(n) for a mixture of exciton and trion can be written as,
n = ηe f f N = ηe f f (Ne + Nt) (3.1)
where ηe f f and N are the effective QE for QD solution and the total excitation
rate for the neutral exciton and the trion, respectively. The total emission rate
n can be expressed as n= ne+nt. By using the above relations, one can relate
the neutral exciton QE with the effective QE as following.
ηe = [α
−1 − (α−1 − 1)ne
n
]ηe f f (3.2)
where α= ηt/ηe is a QE ratio between the trion and the exciton. ne/n cor-
responds to the stationary occurrence probability ratio between the exciton
and a sum of the exciton and the trion. By using the experimentally obtained
parameters; α= 26±3%, ne/n= 92±6%, and the lower limit of ηe f f = 80%, we
estimated the lower limit of the neutral exciton QE to be 96% including errors
in the measured values.
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3.6 Chapter Summary
We demonstrated the development of a hybrid system of an optical nanofiber
and single thick shell CdSe QDs and investigated the PL emission character-
istics through the fiber guided modes from the viewpoint of single-photon
generation. We have shown that single CdSe QDs in toluene colloidal solu-
tion can be deposited along the nanofiber surface with a spatial accuracy of
0.4 µm and a success probability of about 60% for single QD deposition for
each trial. Single CdSe QDs in the hybrid system showed excellent single-
photon emission characteristics with a g2(0) value of around 0.05±0.01 under
both cw and pulsed excitation. The emission spectrum of single QDs showed
a symmetric broadband profile at a center wavelength of around 640 nm (1.94
eV) with a spectral width of 19.4 nm (60 meV) FWHM. The photon counting
and PL decay behavior revealed that QD emission stems from both neutral
exciton and charged exciton (trion) states. From the photon count rate of a
single QD and the effective QE of the QD colloidal solution, we estimated
the lower limit of the neutral exciton QE to be 96%, and the QE of the trion is
26±3%.
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Chapter 4
Hybrid System of ONF and Single
CdSe QDs at Cryogenic
Temperatures
4.1 Introduction
The realization of quantum technologies using single photons relies on devel-
oping new solid-state quantum emitters capable of generating single photons
with a high photon count rate, preferably in a narrow spectral window. The
recent development in quantum photonics has proven that excellent proper-
ties that cannot be realized at room temperature can be achieved at cryogenic
temperatures [28, 29]. Colloidal semiconductor QDs have long been pro-
posed as promising quantum emitters in quantum optics due to the broad
tunability of emission wavelength and high quantum efficiency. However,
applying such QDs to quantum applications is limited because of the broad
emission spectral width of 20 nm FWHM and long radiative decay time
( 40 ns) for the exciton transition as demonstrated in the previous chapter.
It has been understood that the broad spectral width of the single QD at
room temperature is due to the phononic background, which scales strongly
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with temperature [68, 69]. By extending the working temperature to cryo-
genic temperature, spectral narrowing could be expected, leading to a nar-
row zero-phonon line. The main emission channel for CdSe QDs with thick
shell structures could be from the charged state of the QD, i.e., a trion tran-
sition with one order shorter radiative decay time than that of the exciton
transition from the neutral state of QD [66, 96].
In this chapter, we explain the development and characteristics of a hy-
brid system of an optical nanofiber and single thick shell CdSe QDs, which
is operated at cryogenic temperatures. We systematically investigated the
emission characteristics of single CdSe QDs in the hybrid system by observ-
ing the emitted photons through the fiber guided modes.
4.2 Experimental Procedure for Cooling to Cryo-
genic Temperatures
We used a custom-designed optical cryostat system for cooling the hybrid
system of an optical nanofiber and single CdSe QDs to cryogenic tempera-
tures, details of which are given in chapter 2. The cryostat was cooled down
to 3.7 K by a pulse-tube refrigerator. The hybrid system of nanofiber and a
single CdSe QD was installed in the sample chamber, which was fixed to a
cold plate of the cryostat. The ONF holder was made of silica to keep im-
mune to thermal contractions due to the cooling. Also, the ONF was fixed
to the holder via mechanical fixing with a silica plate to match the expan-
sion coefficient of the fiber and to make sure that the tension on the fiber is
minimum during the cooling process.
The ONF/QD hybrid system was cooled down to 3.7 K via buffer gas
cooling by filling the sample chamber with helium gas at a pressure of 15
kPa. The buffer gas cooling allows the cooling of the hybrid system without
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Figure 4.1: Hybrid system of ONF and QD at cryogenic temperatures. Cooling char-
acteristics of the cryostat versus time (black curve) and for the optical transmission
of an ONF (red curve).
direct thermal contact to the cold plate of the cryostat. The optical transmis-
sion of the ONF was 95% before starting the cooling. The black curve in Fig.
4.1 shows the cooling characteristics of the cryostat. The temperature was
measured at the inside of the sample chamber. By starting the cooling, the
temperature of the cryostat was gradually lowered and reached the lowest
attainable temperature of 3.7 K after about 8 hours of continuous cooling.
The cooling rate of the cryostat is about 40 K/hr. Due to the slow cooling
rate, it was reasonably assumed that the sample chamber, helium gas, ONF,
and QDs were in thermal equilibrium with each other. So the QDs temper-
ature can be well assumed to be the same as the temperature of the sample
chamber.
Figure 4.1 shows the optical transmission of ONF (red curve) while cool-
ing from room temperature to 3.7 K, measured at a wavelength of 640 nm.
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Figure 4.2: Measurement setup for the hybrid system at cryogenic temperatures.
OMA, F, BS, and SPCM denote optical multichannel spectrum analyzer, colour-glass
filter, beam splitter, and single-photon counting module, respectively.
The optical transmission of the ONF did not change from the room temper-
ature value to temperatures down to 150 K. From further cooling, and the
drop was 0.5% at 3.7 K, which might be negligible for photonic applications.
4.3 Measurement Scheme
Figure 4.2 illustrates the measurement setup for the emission characteristics
of the QDs in the hybrid system. The excitation lasers were launched from
outside through the optical window of the cryostat, and the single CdSe QDs
were excited perpendicularly to the nanofibre with a cw or pulsed frequency-
doubled YAG laser at 532 nm. The excitation laser light was focused on the
QDs on the nanofiber by scanning the focused laser along the nanofiber us-
ing computer-controlled stepper motor translation stages (LTS150, Thorlabs).
The polarization of the laser was fixed perpendicular to the nanofibre axis by
using a half-wave plate.
The PL photons from the single QDs are channeled into the guided mode
of the nanofiber and measured through the single-mode optical fibers. A
560 nm long-pass filter is used to remove the scattered laser light. The PL
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photons from one side of the ONF are introduced into an optical multichan-
nel analyzer (OMA) spectrometer through a multi-mode fiber for spectral
measurements. We used three gratings of the monochromator with groove
densities of 300 lines/mm, 600 lines/mm, and 1800 lines/mm leading to in-
strumental widths of 0.83±0.03 nm, 0.33±0.04 nm and 0.11±0.02 nm, respec-
tively. The PL photons from another side of ONF are used for photon count-
ing/correlation measurements. A HBT setup is employed for photon correla-
tion measurements, in which the PL photons are split using a non-polarizing
50:50 beam splitter cube and are coupled into multimode fibers and detected
by two SPCMs. The PL decay behavior was obtained by the time correlation
between the excitation laser pulse (sync pulse) and the emitted photons.
4.4 Spectroscopy of Single QDs in the System
4.4.1 Temperature Dependence of Emission Spectrum
Figure 4.3 shows the temperature dependent emission spectrum of a single
CdSe QD from room temperature to 3.7 K. The single QD was excited us-
ing a 532 nm cw laser at an excitation intensity of 30 W/cm2. All the emis-
sion spectra were measured for an integration time of 30 s with a resolution
of 0.83±0.03 nm. At room temperature, The spectrum shows asymmetric
broadband profile at a center wavelength (λc) of 640.4 nm (1.94 eV) with a
spectral width (∆λ) of 19.4 ±0.2 nm (60 meV) FWHM. By lowering the tem-
perature to 100 K, the spectral shape becomes asymmetric with a narrower
FWHM. It also shows a blue shifting of the peak wavelength due to the tem-
perature dependent shrinkage of the QD size. Around 25 K, the spectrum
shows three peaks as marked by 1, 2, and 3. At 3.7 K, the lowest tempera-
ture of the cryostat, the single QD emission spectrum showed well-resolved
four peaks (1 to 4). The observed results are consistent with the previously
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Figure 4.3: Temperature dependent emission spectrum of a single QD in the hybrid
system measured with an integration time of 30 s. All spectra were obtained with
a cw laser excitation. Peak 1 and 2 are the ZPLs for exciton and trion, respectively.
Peak 3 and 4 are LO-phonon replica of exciton and trion respectively. The inset in
3.7 K shows a spectrum observed for the same QD at a different time. For this case,
the neutral condition is much more probable than the charged condition
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reported works on similar QDs [97, 116]. The high energy peak (peak 1) is
attributed to the zero phonon line (ZPL) for the exciton of a neutral CdSe
QD. The peak 2 is red-shifted by 15.2 meV (5.0 nm in wavelength) from peak
1 and well corresponds to the binding energy of trion in CdSe QDs. There-
fore, peak 2 is attributed to trion ZPL of a charged CdSe QD. The attribution
of peaks 1 and 2 are further confirmed from the spectrally resolved photo-
luminescence decay measurements as discussed in the following sub-section
4.4.4. The measured spectral width of peaks 1 and 2 is 1.2 nm FWHMs. The
inset in 3.7 K shows a spectrum observed for the same single QD at a dif-
ferent time. In this case, the neutral exciton emission is much more probable
than the trion emission. Regarding peaks 3, it is red-shifted by 26.5 meV from
the peak 1 and attributed to a longitudinal optical phonon (LO-phonon) side-
band of the exciton ZPL in CdSe QDs [97]. Peak 4 is red-shifted by 26.5 meV
from the peak 2, which is attributed to a LO-phonon replica of the trion ZPL
in CdSe QDs. Since the measurements were performed for one specific single
QD, the observed peak intensity ratio of the exciton and the trion reflects the
occurrence probability of the neutral exciton emission and trion emission for
the observation period of 30 s at a specific timing.
Comparing the spectra from 3.7 to 100 K, one can clearly see the broaden-
ing of peaks, which is attributed to the population of acoustic phonon modes
that scale with temperature, washing out the exciton and trion ZPLs above
25 K.
Figure 4.4 shows the temperature dependence of the peak emission wave-
length. The data points below temperature 30 K corresponds to the trion peak
wavelength. It is clear that there is a blue shifting of the peak wavelength
due to the temperature dependent shrinkage of the QD size. The peak wave-
length at room temperature was 640 nm, and the shift in peak wavelength
from room temperature to 3.7 K is about 15 nm.
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Figure 4.4: Temperature dependence of the peak emission wavelength of a single
CdSe QD. The blue shifting of the peak wavelength is due to the temperature depen-
dent shrinkage of the QD size. The data points below temperature 30 K corresponds
to the trion peak wavelength.
4.4.2 Spectral Features at 3.7 K
In order to examine the spectral width of single CdSe QD at 3.7 K, the emis-
sion spectrum was measured for shorter integration times with an OMA res-
olution of 0.11 nm (grating of 1, 800 lines/mm). Figure 4.5(a) displays the
emission spectrum measured with an integration time of 1 s with a resolution
of 0.11 nm. Although the signal to noise ratio is low due to the less disper-
sion efficiency of the 1800 lines/mm grating, one can recognize a sharp peak
at the trion ZPL wavelength. The observed width is 0.12±0.02 nm FWHM
(∼350 µeV FWHM), which is close to the instrumental width of the OMA
spectrometer with 1800 lines/mm grating.
We anticipate that the spectral width of single QD for the 1 s integration
time is much narrower than the measured value. Because the spectral widths
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Figure 4.5: Spectral features of a single QD at 3.7 K. (a) Emission spectrum measured
with an integration time of 1 s with a resolution of 0.11 nm. (b) Emission spectrum
measured with an integration time of 270 s (measurement resolution: 0.83±0.03 nm).
The Peak 1 and 2 correspond to ZPLs for exciton emission and trion emission, respec-
tively. Peak 3 and 4 are LO-phonon sideband of exciton and trion respectively.
measured through the OMA spectrometer can be expressed as a convolution
of the instrumental and emission spectral width, the resulting spectral width
can be expressed as a sum of the instrumental and emission spectral widths.
The spectral broadening at higher integration times is understood as due to
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the spectral diffusion effect, and the present observations are in agreement
with the previous results obtained for similar QDs [69, 97]
The emission spectrum for 1 s integration time reveals that only exciton
or trion is observable. It means neutral or charged condition remains for 1 s.
For 30 s integration time, both exciton and trion are observable. Still, the peak
intensity ratio depends on the observation timing, indicating that the neutral
or charged condition cannot remain 30 s, and neutral or charged condition
occurs almost randomly for this observation (integration) time. In order to
examine the occurrence probability of exciton and trion emission, the emis-
sion spectrum at 3.7 K was also acquired for longer integration times. By
increasing the integration time higher than 100 s, the peak intensity ratio be-
comes constant. Figure 4.5(b) shows a spectrum measured for an integration
time of 270 s (measurement resolution: 0.83±0.03 nm). It means that the oc-
currence of exciton and trion reaches a stable condition. From the peak ratio,
we estimated the occurrence probability for the exciton and the trion at 3.7 K
to be 41±3 and 59±3%, respectively.
Regarding the observed spectral width, it also showed saturation behav-
ior and a constant value for longer integration times. The measured spectral
widths for the exciton and the trion were 1.6±0.1 nm FWHM, which is 30%
broader than those observed with an integration time of 30 s. This spectral
width corresponds to the saturated width for spectral diffusion of CdSe QDs.
The intrinsic saturation width due to the spectral diffusion effect may be es-
timated approximately as 0.8 nm FWHM since the measured spectral width
can be approximated as a sum of the instrumental width and the emission
spectral widths. The instrumental width for a grating of 300 lines/mm is
0.83±0.03 nm.
For a better estimation of the observed spectral width and spectral dif-
fusion, we measured the emission spectrum with improved efficiency and
resolution. However, the relatively weak spectral resolution of conventional
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Figure 4.6: Spectral features of single QD with a OMA resolution of 0.33±0.04 nm
(grating of 600 lines/mm) at 3.7 K. (a) Emission spectrum measured with an inte-
gration time of 5 s. (b) Emission spectrum measured with an integration time of 120
s. Peak 1 and 2 in the spectrum corresponds to ZPLs for exciton and trion, respec-
tively. Peak 3 and 4 are LO-phonon sideband of exciton and trion respectively. (c)
Integration time dependence of the spectral width of exciton ZPL (red data points)
and trion ZPL (blue data points). The plotted values are corrected for an instrumen-
tal width of 0.33±0.04 nm.
diffraction spectrometers makes the estimation of spectral widths challeng-
ing. We used a grating of 600 lines/mm, which had an instrumental width of
0.33±0.04 nm. Figure 4.6(a) shows the emission spectrum of a single QD inte-
grated for a measurement time of 5 s. The exciton (peak1) and trion (peak2)
ZPLs are clearly observed with corresponding LO-phonon lines. The ob-
served spectral widths of the exciton and the trion are 0.84 nm and 0.55 nm
FWHM, respectively.
The spectral width of the exciton emission is broader than that of the trion
emission because the upper energy state of the exciton of CdSe QD consists
of a bright and a dark state separated by 1.5 meV which was not resolved
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Figure 4.7: Photon counting behaviour of single QD measured at 3.7 K for a period
of 150 s. The histogram on the right side of the figure shows a single peak marked
by D.
at the present measurements. Figure 4.6(b) shows the emission spectrum of
single QD integrated for a measurement time of 120 s. It may be clearly seen
that the spectral widths are broader than that of Fig. 4.6(a), and this width
corresponds to the saturated width for spectral diffusion since the spectral
widths show a saturated behavior above 100 s integration time. We plotted
the intrinsic width of the exciton and trion for different integration times in
Fig. 4.6(c). The spectral widths are obtained after correcting for the instru-
mental width of 0.3 nm. It is clearly seen that the spectral width increases
with integration time and showed a saturated value above 100 s. It should
also be noted that the width of the exciton peak is ∼ 60% broader than that
of trion. The bright and dark state of the exciton peak was further confirmed
under the PL decay measurements
4.4.3 Photon Counting and Quantum Efficiency of QD
Figure 4.7 shows the photon counting behavior of a single QD investigated in
the hybrid system excited (532 nm cw laser) for a period of 150 s at 30 W/cm2.
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The histogram of the count rate is shown on the right side of the figure. It
was observed that by lowering the temperature below 50 K, the three-step
behavior in the photon count rate (as shown in Fig. 3.7) disappeared, and the
count rate showed a one peak behavior at cryogenic temperatures. Note that
the photon count rate at 3.7 K marked by D is equal to that of exciton emis-
sion at room temperature. The measured maximum photon count rate for an
excitation intensity of 30 W/cm2 is 15.5±1.3 kHz. It should be noted that,
as described for the emission spectrum at 3.7 K in Fig. 4.5(b), the stationary
occurrence probabilities of the neutral, and the trion emission at a cryogenic
temperature of 3.7 K to be 41 and 59%, respectively. The one peak behavior
at 3.7 K indicated that the QE of the Trion increased by reducing the temper-
ature and reached an almost same value as that of the neutral exciton at a
temperature of 3.7 K. The exciton QE at room temperature was higher than
96%. We estimated the QE of the single CdSe QD in the hybrid system at a
temperature of 3.7 K to be higher than 90% since the peak photon count rate
of single QD at 3.7 K was 6% lower than that of the neutral exciton emission
at room temperature.
4.4.4 Photoluminescence Decay Measurements
We investigated the temporal behavior of the single QD emission at cryo-
genic temperature by excitation with 10-ps pulsed laser at 532 nm. The rep-
etition rate of the laser and laser pulse energy was fixed to 0.5 MHz and 0.2
nJ/pulse, respectively. The decay curve was acquired for an integration time
of 200 s with a resolution of 64 ps.
We start with the results for cryogenic temperatures from 3.7 to 40 K. The
PL decay of emission lines of single CdSe QD in the hybrid system was mea-
sured using two types of interference filters. One of them is a narrow band
filter with an FWHM of 2 nm, which could spectrally resolve the exciton and
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Figure 4.8: (a) Schematic energy level diagram for the exciton transition. (b) Exciton
decay profile at 3.7 K measured with an interference filter of 2 nm FWHM.
trion emission peaks separated by 5.0 nm by adjusting the filter tilt-angle.
The narrow band filter was used for decay measurement of exciton and tri-
ons peaks at 3.7 K, where the exciton and trion were well resolved for a long
measurement time, as shown in Fig. 4.5(b). Another filter, which had an
FWHM of 10 nm, was used for measuring the temperature dependence of
the decay profile of total single QD emission. Note that the exciton and the
trion emissions were mixed for the measurements with this filter.
4.4.5 PL Decay of Neutral Exciton Emission
The fine structure of band-edge exciton states was theoretically well studied
[98]. In spherical QDs, the lowest-energy exciton comprises of 1S electron
and the 1S3/2 hole. The crystal field and the shape anisotropy splits the 1S3/2
hole states with different projections of the angular momentum (Jm) into lev-
els with (Jm) = ±1/2 and ±3/2, corresponding to to light and heavy holes,
respectively. A combination of the spin ±1/2 hole with the spin ±1/2 elec-
tron produces three excitonic states with projection of total angular momen-
tum Nm= 0 and Nm= ±1. Whereas a combination of the spin ±3/2 hole and
the spin ±1/2 electron produces the lowest band edge states with Nm= ±2
and Nm= ±1.
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The lowest exciton state corresponds to Nm= ±2. Since a photon cannot
carry two units of angular momentum, the state is optically forbidden and
referred to as the dark state (|F >). The next state Nm= ±1 is optically active
and referred to as the bright state (|A >). These two states are separated
by ∆E and are mixed via phonon (γ0 NB) at cryogenic temperatures [97, 98].
Figure 4.8(a) schematically illustrates the energy diagram of the band-edge
exciton transition. Red arrows specify photon transitions with decay rates
of ΓA and ΓF. Blue wavy arrows specify phonon transitions. γ0 denotes
the spontaneous phonon decay rate, and the induced phonon transition rate
is expressed as γ0 NB(T), where NB(T) denotes the Bose-Einstein phonon
number at temperature T.
In order to confirm the attribution of the exciton emission peak to bright
(|A >) and dark state (|F >), we performed the PL decay for the exciton
transition. Figure 4.8(b) shows the decay profile of exciton transition (Peak 1
in Fig. 4.5 (b) measured at 3.7 K using a 2 nm narrow band filter. The decay
profile clearly shows a double exponential behavior. The observed decay
profile was well fitted by a sum of two exponential decay curves with a decay
time of 3.1±0.3 ns and 153±5 ns as shown by the black curve. The decay
time of 3.1±0.3 is assigned to fast components of the exciton decay process
and 153±5 to slow components of the exciton decay process [97, 99]. The
observed double exponential behavior was well explained by the three-level
scheme shown in Fig. 4.8(a). The phonon mediated thermal mixing of these
state can be further confirmed by studying the temperature dependence of
the PL.
4.4.6 PL Decay of Trion Emission
In contrast to exciton, the trion ground state does not show any fine struc-
ture splitting because the two identical charge carriers (e.g., electrons in a
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Figure 4.9: (a) Schematic energy level diagram of the trion transition. (b) Trion decay
profile at 3.7 K measured with an interference filter of 2 nm FWHM
negative trion) form a spin-singlet state. So the upper state of the trion is ef-
fectively single level at cryogenic temperatures [100, 101], as shown in 4.9(a),
and the radiative recombination allows a bright emission from trion state
with a decay rate of ΓT.
Figure 4.9(b) shows the decay profile of trion transition (Peak 2 in Fig.
4.5 (b) measured at 3.7 K using a 2 nm narrow band filter. The decay profile
shows a single exponential behavior with a decay time (1/ΓT) of 10.7±0.3 ns,
consistent with the single upper state model of the trion. The black curve is
a single exponential fit for the data.
4.4.7 Temperature dependence of PL Decay
We measured the temperature dependence of PL decay for a single CdSe
QD from 3.7 to 40 K, in order to confirm the model of the phonon mediated
thermal mixing between the bright and dark exciton as well as the single
upper state model of the trion state. We used an interference filter of 10 nm
FWHM to collect all the emission from exciton and trion transitions.
Decay profiles of single QD at 3.7, 5, 15, and 40 K are displayed in Figs.
4.10(a-d). In Fig. 4.10(a), at 3.7 K, one can momentarily identify two exponen-
tial decay behavior corresponding to the decay processes of trion and slow
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Figure 4.10: Temporal characteristics of a single QD in the hybrid system (a) Decay
profile at 3.7 K measured with an interference filter of 10 nm FWHM. The emissions
from both exciton and trion are mixed together. Inset shows an expanded view of up
to 20 ns. (b,c) Decay profile measured at 5 and 15 K, respectively, with an interference
filter of 10 nm FWHM. (d) Decay profile measured at 40 K with an interference filter
of 10 nm FWHM. Inset shows an expanded view of up to 20 ns. (e) Temperature
dependence of the decay rate of trion (blue color) and slow exciton (black color). (f)
Temperature dependence for the decay rate of the fast exciton. The red curve in (e)
and (f) is the fit using the bright and dark state model.
exciton. The fast exciton decay curve was almost hidden by the trion decay
process. By expanding the behavior in a shorter time range as in the inset,
the situation can be seen clearly. Figures 4.10(b,c) shows the decay curve for
5 and 15 K, respectively. The slow decay component starts vanishing at 15
K due to the thermal mixing between the dark and bright exciton states due
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to thermally activated phonon mixing. A related behavior was seen for all
the decay measurements until the 40 K. PL decay curve measured at 40 K is
displayed in Fig. 4.10(d). We examined the decay curves measured with the
10 nm FWHM filter by fitting with three exponential decay curves. We esti-
mated the trion decay time and the slow exciton decay time, but we assess
the reliability of the derived fast exciton decay time much lower than that for
the other two decay times.
The estimated decay rates Γ(= 1/τ) are plotted in Figs. 4.10(e,f) versus
temperature from 3.7 to 40 K with error bars. The data points in blue trian-
gles and black diamonds plotted in Fig. 4.10(e) are the decay rates for the
trion and the slow exciton, respectively. Figure 4.10(f) display the fast decay
rate (black squares). For the sake of comparison, the decay rate from spec-
trally resolved measurements (using a 2 nm filter) of exciton and trion is also
plotted in Figs. 4.10(e,f) by circles. The values of decay rates obtained at 3.7
K from both the filter measurements are certainly the same. Error bars are
±3% for both the slow exciton decay rates and the fast exciton decay rate
measured using a 2 nm filter, ±10% for the trion decay rates, and ±15% for
the fast exciton decay rates measured with the 10 nm filter.
We analyzed the exciton decay behaviors using the bright and dark state
model, as shown in Fig. 4.8(a). The analytical expression for the exciton
decay rate is given by [97],
Γ± =
1
2
{
ΓA + ΓF + γ0 coth(
∆E
2kBT
)±
√
(ΓA − ΓF + γ0)2 + γ20 sinh
−2(
∆E
2kBT
)
}
(4.1)
where Γ± are fast and slow decay rates for the exciton, respectively. We fit-
ted the measured slow and fast decay rates of exciton from 3.7 to 40 K by
the above expressions simultaneously for Γ− and Γ+, respectively, and de-
termined four parameters; ΓA, ΓF, ∆E, and γ0, for the present QD with a
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nonlinear least-square fitting. The error bar of each data point was used as
its weight. The estimated values with one standard deviation errors were
ΓA= 7.94±0.27×10−2 ns−1, ΓF= 6.01±0.30×10−3 ns−1, ∆E= 1.38±0.07 meV,
and γ0= 0.165±0.013 ns−1, and were in good correspondence to the values
obtained for similar CdSe QDs [97, 99]. The fitted curves for Γ− and Γ+ were
drawn by a red line in Figs. 4.10(e,f). The fitted curve using the model for
the slow exciton reproduced the observations quite well, showing a gradual
increase to reach saturation. Regarding the fast decay rate of the exciton, al-
though a tendency to increase as the increase of temperature was observed
for both the measured and the fitted results, the discrepancy between slow
and fast exciton was rather large, mostly in the temperature range higher
than 20 K, where faster decay rates are expected. This discrepancy can be
reasonably understood by the low reliability of the measured decay rates of
the fast exciton process.
The measured decay rates of the trion did not show any temperature de-
pendence. This behavior was naturally understood from the fact that the
upper energy state of trion is a single state, and it is free from phonon inter-
action at cryogenic temperatures [100, 101]. Note that the measured values
showed about±10% scatter around the average value of the trion decay rate,
which is much larger than the scatter for the plot for the slow exciton. Since
the trion decay curve is overlapped by the fast exciton and slow exciton de-
cay curves in the falling and trailing region, respectively, the reliability for the
trion decay fit should be lower than that for the slow exciton. This situation
can be clearly observed at 3.7 K, where the trion decay was measured under
both conditions of trion emission only and trion/exciton emission mixed.
The two measured points show an 8% deviation, which may give another
measure for the reliability for the decay rate measured under the mixed con-
dition. We estimated the trion decay rate as a constant value of 0.086±0.009
ns−1 (decay time of 11.6±1.1 ns).
80
Regarding the bright and dark state splitting of exciton emission, it should
be mentioned why we did not observe the splitting of the bright and dark ex-
citon in the emission spectrum, Fig. 4.5(b). The energy separation of the
bright and dark state ∆E is obtained to be 1.38 meV. This splitting corre-
sponds to 0.4 nm at 640 nm, which is smaller than the instrumental width
of the 300 lines/mm grating, and it is not resolvable using this grating.
The best fitting of the three-level model of the exciton to the measured
data and the excellent correspondence of the estimated parameters for CdSe
QD ensure the assumption that the hybrid system of ONF and single QD is
in thermal equilibrium with the sample chamber and the He-gas.
4.5 Chapter Summary
We have demonstrated a hybrid system of ONF and single thick shell CdSe
QDs operated at cryogenic temperatures. The hybrid system was cooled
down to 3.7 K inside a custom-designed optical cryostat using helium buffer-
gas cooling. We have shown that the ONF’s high optical transmission was
maintained from room temperature to cryogenic temperatures.
We have investigated the PL emission characteristics of single thick shell
CdSe QDs in the hybrid system through the fiber guided photons. At 3.7
K, the emission spectrum of the single QDs showed two distinct narrow
zero-phonon lines (∼ 350 µeV FWHM) compared to the broad spectral width
(60 meV FWHM) at room temperature. From the observed results, we have
shown that the QD emission originates from the neutral and charged states
of the QD. The charged QDs are termed as trions. We estimated the station-
ary occurrence probability for the exciton and trion of s single QD at 3.7 K to
be 41±3 and 59±3%, respectively. The photon count rate showed a photo-
stable emission with one peak behavior indicating a unity QE (94%) for both
exciton and trion.
81
PL decay characteristics revealed that the upper state of neutral exciton
consists of two levels, resulting in fast and slow decay components with de-
cay times of 3.1±0.1 and 153±5 ns, respectively. In contrast, the upper state
of trion was one level leading to a single decay process with a decay time of
10.7±0.3 ns.
We modeled the PL decay dynamics of exciton using a two-level upper
state model (bright and dark state) and determined the decay rate, energy
splitting of bright and dark exciton as well as the phonon decay rate. Re-
garding the exciton or trion emission in the CdSe QDs, we have shown that
the PL decay of the trion is a single decay process with decay time one-order
shorter than that of the neutral exciton. Therefore, at cryogenic temperatures,
trion is preferable than the neutral exciton for an efficient single photon gen-
eration.
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Chapter 5
Occurrence Control of Charged
QDs
5.1 Introduction
Colloidal semiconductor QDs have long been proposed as promising quan-
tum emitters in quantum optics due to its wide tunability of emission wave-
length and high quantum efficiency. Single CdSe core/shell QDs have shown
excellent emission characteristics, especially at cryogenic temperatures. We
have systematically investigated the PL characteristics of single CdSe QDs
from room temperature to cryogenic temperatures, as detailed in chapter 4.
The spectral and temporal measurements revealed that for a CdSe QD at
3.7 K, emission occurs not only from neutral state of the QD but also from
charged state [102, 103] with near-unity quantum efficiency. The excitons
from charged QDs are termed as trions.
We have shown that the upper state of neutral exciton consists of two lev-
els with a metastable lower level, called dark state. Due to this, the effective
decay time of exciton becomes long, and the system response using neutral
exciton becomes rather slow, which limits the maximum achievable photon
rate. In contrast, the upper state of trion is one level, and the decay time is
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one-order faster than that of the neutral exciton. Therefore at cryogenic tem-
peratures, trion is preferable than the neutral exciton for an efficient single
photon generation.
Regarding the occurrence of exciton and trion, both occur almost ran-
domly. Occurrence control of the trion emission is an important issue from
the viewpoint of single photon generation. Rinehart et al. [104] discussed a
method to create trion QDs via photochemical electronic doping in colloidal
CdSe QDs. However, for photonic applications, it would be beneficial to
control the occurrence of trion with optical techniques. Regarding this point,
two groups observed the photocharging of QDs after they were irradiated by
laser light [66, 100], but the process has not been investigated systematically.
Controlling the occurrence of trion emission in a single CdSe QD is a vital
issue to extend the hybrid system as an efficient fiber in-line single photon
source. We developed a technique to control the occurrence probability of
trion emission at cryogenic temperatures. We show that the occurrence of
trion can be manipulated by photocharging the QD by varying the intensity
and wavelength of the irradiation laser light. We extend the measurements to
systematically investigate the photoluminescence characteristics of the QDs.
Most notably, a method to create permanently charged QDs has been demon-
strated [105].
5.2 Experimental System and Measurement Scheme
The experimental setup is based on a hybrid system of ONF, and single QDs
operated at cryogenic temperature. We used CdSe QDs with a CdS/ZnS
gradient thick shell structure with emission wavelength at around 640 nm
(1.94 eV). Single QDs were deposited on several positions on the waist of the
nanofiber using a sub-pico-liter needle dispenser system. The hybrid system
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Figure 5.1: (a) Experimental arrangement and measurement setup for Hybrid system
of ONF/QD at cryogenic temperatures. (b) Absorbance spectrum of CdSe QDs in
toluene solution, inset, enlarged view around the band-edge is shown, together with
emission spectrum of a single QD. (c) Typical photon correlations characteristics of
a single QD at room temperature. (d) Photon count rate of a single QD at room
temperature.
of ONF/QD was installed into an optical cryostat. The details of the system
are given in chapter 2.
Figure. 5.1(a) illustrates the experimental arrangement and measurement
setup. Every single QD was irradiated with a laser light perpendicularly
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to the ONF. PL spectrum, photon counts, and photon correlations were si-
multaneously measured through both ends of the fiber. A 560 nm long-pass
filter is used to remove the scattered laser light. Figure 5.1(b) displays an ab-
sorbance spectrum of CdSe QDs in the toluene solution used for the experi-
ments measured using an absorbance spectrometer. In the inset, an enlarged
view around the band-edge is shown, together with an emission spectrum of
a single QD measured using the ONF setup. The QD emission has a center
wavelength of 640 nm (1.94 eV) and an FWHM of 20 nm (61 meV). Figures
5.1(c, d) displays typical photon correlations and photon counting character-
istics of a single QD in the hybrid system measured at room temperature.
The photon correlation reveals a single emitter behavior with a sharp anti-
bunching dip at zero time difference. The photon-counting shows PL in-
termittency characteristics of a single CdSe QD. The intermittency is due to
the switching of emission between exciton and trion transition. The highest
photon count rate indicated by a black shows a QE of near unity for exciton
emission, details of which are discussed in chapter 3. The hybrid system of
ONF/QD has cooled down to 3.7 K in a custom-designed cryostat via helium
buffer gas cooling.
The excitation of QDs was performed using four cw-lasers at 532, 455, 405,
and 355 nm. Excitation intensity dependence was systematically measured
at each wavelength. For set measurements, We used unexcited QDs at each
excitation wavelength. Emission spectra were measured using an OMA with
a spectral resolution of 0.3 nm (1.0 meV). All the emission spectrum was mea-
sured with an integration time of 120 s or longer so that the spectrum attains
a stationery occurrence probability for exciton and trion emission. Temporal
characteristics of the PL emission were measured using a pulsed-laser at 532
nm with a pulse width of 20 ps FWHM by observing the time-correlation
of the detected photon events and the excitation laser sync pulse. The laser
pulse energy was fixed to a value of 0.2 nJ/pulse so that the average number
87
of photons absorbed per pulse per QD is less than one. We calculated the
pulse energy by estimating the photoabsorption cross-section of QD at 532
nm [106].
5.3 Photocharging with 532 nm Excitation
A single QD in the hybrid system was excited with a 532 nm laser for exci-
tation intensities from 5 to 83 W/cm2. The emission spectrum at each excita-
tion intensities is measured for an integration time of 120 s. Figures 5.2(a-c)
shows the emission spectra of single QD for excitation intensities of 20, 49,
and 83 W/cm2. Each spectrum shows four well-resolved peaks as marked
in the spectrum. The measured energy separation between peak 1 and 2 is
15.5 meV and is attributed to exciton and trion emission from CdSe QD. The
measured spectral width for exciton and trion is 3.5 meV (1.38 nm) and 2.09
meV (0.8 nm) FWHM, respectively [102]. The spectral width for exciton is
broader than that of trion since the upper state in the energy level of exciton
consists of two states separated by 1.5 meV, which is not resolvable at the
present measurement resolution. The smaller peaks 3 and 4 are red-shifted
by 26.5 meV from peak 1 and 2 and are attributed to LO-phonon sideband of
exciton and trion.
We estimated the trion occurrence probability (TOP) from the emission
spectrum as a ratio between the integrated area of trion (peak 2) and the
whole integrated area for exciton (peak 1) and trion (peak 2). It is clearly
observed that the occurrence probability trion increases with elevating the
excitation intensity. The estimated TOP values are plotted versus excitation
intensity in Fig. 5.3 by black squares. Values for intensities higher than 30
W/cm2 are displayed in the inset. It is observed that there is a monotonic
increase for TOP values from 37% at 5 W/cm2 and saturates to 90% at 77
W/cm2. The excitation with 532 nm realizing 90% TOP did not lead the QD
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Figure 5.2: PL characteristics of a single QD at 3.7 K under 532 nm excitation. (a-c)
Emission spectrum at three different excitation intensities using cw laser. (d) PL de-
cay profile recorded with 532 nm ps pulsed laser, the red curve is a three exponential
fit to the data. (e,f) Photon correlation signal measured using cw laser at excitation
intensities of 10 and 80 W/cm2.
permanently charged. The QD showed similar behavior, as shown in Figs
5.2(a-c) even after the strong excitation with 532 nm.
Regarding the PL decay behavior of the QD, it showed three exponential
behavior corresponding to decay times of exciton and trion. Figure 5.2(d)
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Figure 5.3: Trion occurrence probability (TOP) versus irradiation intensity at 3.7 K.
Four lasers at wavelengths of 532, 455, 405, and 355 nm were used, and correspond-
ing TOP values are marked by black squares, red circles, green triangles, and blue
asterisks, respectively. The inset shows the values of 532 nm excitation for intensities
higher than 30 W/cm2.
displays the measured decay profile. The red curve is a three exponential fit
to the data with decay times of 1.47±0.05, 9.2±0.3, and 135±9 ns. The decay
times of 1.47 and 135 ns correspond to the fast and slow components of the
exciton decay process and decay time of 9.2 ns assigned to the trion decay
time, respectively [97, 99].
We measured the photon correlation function g2(τ) for various excitation
intensities to understand the single-photon behavior of photocharged single
QD. Figures 5.2(e, f) displays the measured photon correlation function for
excitation intensities of 10 and 80 W/cm2, respectively. Both photocharged
conditions showed sharp anti-bunching dip close to zero at zero time delay,
meaning that a single photon behavior of emitter was maintained through-
out all excitation conditions. But the recovery time was quite different for the
two cases. We estimated the recovery time by fitting a single exponential to
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be 105±21 and 9±2 ns for the intensities of 10 and 80 W/cm2, respectively,
and the values can be understood from the corresponding TOP values. The
TOP value is about 40% (see Fig. 5.3) for the 10 W/cm2 excitation, which
means the rest of the 60% photons were from exciton which has a slow de-
cay component due to the low energy dark state. For the case of 80 W/cm2
intensity, the photocharging leads to an emission where 90% of the emission
is from trion, which has a short decay time of around 10 ns. The estimated
recovery times correspond well with the occurrence of trion under specific
excitation intensity.
5.4 Photocharging with 455, 405 nm Excitation
We used fresh QDs to investigate the photocharging behavior and occurrence
of trion under 455 and 405 nm excitation. The QDs are excited with various
intensities until it showed a saturation behavior for trion emission. The emis-
sion spectrum at each excitation intensities is measured for an integration
time of 120 s.
Figures 5.4(a,b) show the emission spectra of a single QD excited at 455
nm for intensities of 2 W/cm2 and 21 W/cm2, respectively. For each excita-
tion, the TOP reached a stationary condition with an integration time higher
than 120 s. The estimated TOP values are plotted versus excitation intensity
in Fig. 5.3 by red circles. The TOP versus excitation intensity showed a simi-
lar behavior as that of 532 nm excitation, but due to the higher absorbance of
QDs at 455 nm, it shifted to the lower intensity side. The estimated TOP value
increased with increasing excitation intensity from 48% at 2 W/cm2, and a
fully photocharged situation of 100% was realized at 21 W/cm2. Regarding
the 455 nm excitation process, we found that the QD exhibited photoinduced
modification of the PL emission spectra under high excitation intensity of
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Figure 5.4: PL characteristics of a single QD under 455 nm excitation at 3.7 K. (a)
Emission spectrum measured at 2 W/cm2. (b) Emission spectrum measured at 21
W/cm2. (c) PL decay profile measured with 532 nm ps-pulsed laser after realizing
the fully charged condition. The red curve is a three exponential fit to the data.
21 W/cm2. After realizing the fully charged condition with 21 W/cm2 ex-
citation, we remeasured the PL spectrum by irradiating 532 nm light at 20
W/cm2 and estimated the TOP value, and the obtained TOP value was 70%,
which was larger than that of a PL spectrum for a fresh QD under the same
excitation condition, shown in Fig. 5.2(a). This means that the QD under-
went photoinduced modification of the PL to its fresh condition, although
the fully charged condition was not sustained.
To testify the permanent photoinduced modification of the PL emission
due to photocharging, we measured the PL decay characteristics for this
photocharged QD. The measured decay profile is displayed in Fig. 5.4(c),
showing three decay curves with decay times of 1.5±0.1, 9.9±0.3, and 131±6
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ns corresponding to fast exciton, trion, and slow exciton decay, respectively.
The red curve shows a sum of three exponential fits to the data. It was ob-
served that the amplitude of the trion decay process increased considerably
as compared to the 532 nm excited QD, indicating a permanent photocharg-
ing. To quantify this, we estimated the value of TOP from the decay curve
as follows. We fitted the observed decay curve by a sum of three decay
curves ( f (t) = ∑3i=1 Ai ∗ exp(−tτi )) due to fast exciton, trion, and slow exciton
channels and obtained the parameters Ai and τi. Emitted photon numbers
through a decay channel i, Ni, can be estimated by integrating the corre-
sponding decay curve from t = 0 to infinity, which is Ai τi. Then, by using the
fitted parameters Ai and τi, we can obtain the TOP value as,
TOP =
N2
∑3i=1 Ni
=
A2τ2
∑Aiτi
(5.1)
where A2, τ2 is the amplitude and decay time of trion, respectively, and es-
timated a TOP value of 68% for the obtained decay curve, consistent with
the TOP value estimated from the PL spectrum. Excitation with 405 nm also
showed similar results to the 455 nm case. TOP values versus intensity for
405 nm excitation are plotted in Fig. 5.3 by green triangles. The TOP value in-
creased from 70% at 0.5 W/cm2, and reached 100% at 15 W/cm2. The 405 nm
excitation also created a permanent photoinduced modification to the single
QD, which led to a stationary TOP value of 81%.
5.5 Photocharging with 355 nm Excitation
Photocharging and occurrence of trion in CdSe QDs are also investigated
under 355 nm excitation, where the QDs showed a relative absorbance of 0.6.
A single QD was excited with various excitation intensities until it showed
a saturation behavior for the trion emission. The emission spectrum at each
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Figure 5.5: (a, b) PL spectra measured at different intensities 0.5 and 5 W/cm2 using
355 nm laser. (c-f) PL decay of photocharged QD 3.7 to 150 K. Measured using a ps-
pulsed laser at 532 nm. Note that decay curves at 3.7 and 45 K are fitted by a single
exponential curve.(g) Temperature dependence for the trion decay time. (h) Photon
counting behaviour of photocharged single QD at 150 K, measured by irradiating
532 nm laser light at an intensity of 20 W/cm2.
excitation intensities was measured for an integration time of 120 s or higher.
Figures 5.5(a,b) show the emission spectra of a single QD excited at 355
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nm for intensities of 0.5 W/cm2 and 5 W/cm2 with an integration time of
120 s. Under an excitation intensity of 0.5 W/cm2, the QD emission was ef-
fectively from trion with a weak exciton emission separated by 15.5 meV. We
estimated a TOP value of 86% for 0.5 W/cm2 excitation, but the TOP value
did not show a stable condition for spectra with integration times higher than
120 s. We measured the QD spectrum with integration times of 180 and 240
s. The estimated TOP values are plotted versus excitation intensity in Fig. 5.3
by blue asterisks with error bars being the variation of the TOP values. At an
excitation intensity of 3 W/cm2 and above, trion emission with a correspond-
ing LO-phonon sideband was observed, realizing a fully photocharged QD.
The photoinduced modification of QD was tested by measuring the spectral
and temporal characteristics with 532 nm excitation. The measured emission
spectrum mostly reproduced the trion spectrum, as in Fig. 5.5(b) and the tem-
poral characteristics showed a single exponential decay profile, as displayed
in Fig. 5.5(c) with a decay time of 10.4±0.5 ns. The red curve is a single ex-
ponential fit for the data. These observations testify that the excitation with
355 nm laser has changed the QD to a permanently charged situation, and
the photocharging is very stable as long the QD was kept at 3.7 K (at least for
ten days).
We investigated the temperature dependence of photocharged QD. It is
observed that by raising the temperature of the photocharged QDs to 150
K, the photoinduced modification by 355 nm laser was removed, and the
photocharged QDs returned back to the fresh QD situation, emitting pho-
tons from both exciton and trion state. Figures 5.5(c-f) shows The temporal
characteristics of the photocharged QD from 3.7 K to 150 K. The single ex-
ponential behavior was still observed at 45 K (Fig. 5.5(d)), but the decay
component of exciton started to appear at 55 K (Fig. 5.5(e)) showing two ex-
ponential behavior. Regarding the decay profiles observed at temperatures
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Figure 5.6: Histogram of the trion decay time.
higher than 55 K, we analyzed them by fitting with a sum of two exponen-
tial curves corresponding to exciton and trion and derived the trion decay
time at each temperature. The derived trion decay times are plotted in Fig.
5.5(g). The trion decay time showed constant value until 50 K and then be-
came faster as the temperature was raised further, revealing an appearance
of a temperature-dependent non-radiative decay channel and an increase of
the non-radiative decay rate via the temperature raise. The increase in non-
radiative decay with temperature arises due to the thermal delocalization of
one of the electrons from the CdSe core to the shell [66].
Figure 5.5(h) shows the photon-count rate at 150 K measured through 532
nm excitation at 20 W/cm2. One can observe the reappearance of the in-
termittency, revealing that the intermittency is due to the switching of the
emission between the exciton and trion. The QE of trion decreased as the
temperature is raised due to the increase of non-radiative decay rate. After
reaching 150 K, we re-cooled the QD down to 3.7 K and measured the PL
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spectrum and decay profile using 532 nm excitation at 20 W/cm2. The ob-
served PL spectrum and temporal profile reproduced essentially the same
spectrum and temporal profile, displayed in Figs. 5.2(a) and 5.2(d), respec-
tively, showing the recovery of the fresh QD situation before excitation with
355 nm laser light.
Figure 5.6 shows the distribution of trion decay times for about 20 sin-
gle CdSe QDs after photo excitation with 355 nm. The trion decay times
showed a variation of 10±1 ns. It should be mentioned that the permanent
photocharging occurred for all the single QDs we studied.
5.6 Discussion
The investigations clearly demonstrate that the photocharging of CdSe QDs,
i.e., the occurrence of the trion, can be controlled by irradiating the QDs with
lasers at cryogenic temperatures. The irradiation intensity and wavelength
can control the degree of photocharging up to 100%. It was also found that,
by irradiating a QD with a 355 nm laser at an intensity higher than 3 W/cm2,
the QD can be prepared fully in a photocharged state, lasting in the charged
condition permanently as long as the cryogenic temperature was maintained.
The observed wavelength dependence on TOP suggests that the photocharg-
ing was realized by the charge trapping of photo-generated carriers in the
QDs. Although such a charge trapping effect has been reported under room
temperature conditions for QDs with CdS shell [107, 108], it has not been
discussed systematically at cryogenic temperatures.
Figure 5.7 illustrates the band structure of the QD. The central part is the
CdSe core with a band gap of 1.75 eV. The thick shell is a gradient structure,
a mixed crystal of CdSe and ZnS and gradually changes the structure from
core to the outermost ZnS shell. In a PL event, an absorbed photon excites
an electron from the valance band to the conduction band, leaving behind a
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Figure 5.7: Schematic diagram of the band structure of CdSe QD with a gradient thick
shell with outermost ZnS shell. CB and VB denote conduction and valence band,
respectively. Bulk band gap energy is specified for core CdSe and outermost shell
ZnS. Photo-excitation may occur at the gradient shell boundary, and four excitation
wavelengths (photon energies) are indicated by arrows.
hole. Both charge carriers quickly relax to the band-edges emitting a pho-
ton. Simultaneously, one of the photo-generated carriers can interact with
a trap site in the QD, and get trapped, leaving the QD in a charged state.
Two mechanisms have been discussed so far for charge trapping in CdSe
core/shell QDs [108, 109, 110]. One is based on the surface trap sites that are
situated on the outermost ZnS shell, and the other is based on interfacial trap
sites that are situated near to the CdSe core of the QD. The surface trap site
(trap) potential is deeper than the interfacial trap sites. Therefore, the photo-
generated carrier trapped in the surface sites can survive for a very long time
and the de-trapping probability can be negligible resulting in an irreversible
change to the QD [111]. On the other hand, de-trapping of carriers can easily
occur from the interfacial trap site.
The interaction between the charge carrier and the trap site can be visu-
alized as a tunneling process [100]. The strength of tunnel interaction can
become stronger when the excitation photon energy is increased from the
band-edge of CdSe core (1.75 eV) to the band-edge of the outermost ZnS
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shell (3.54 eV) of the QD. Since the tunnel barrier becomes thinner, such a
tendency may explain the TOP behavior of QDs under 455, 405, and 355 nm
laser whose photon energies are 2.73, 3.06, and 3.50 eV, respectively.
The irreversible change observed for the QDs at the three wavelengths
(455, 405, and 355 nm) may indicate a local distortion to the QD surface lead-
ing to a surface reconstruction due to the charge/trap-site interaction [109],
which may modify the surface sites to realize a more stable situation for the
interaction, leading to a deeper trap potential at the site. For the 355 nm
(3.50 eV) excitation whose photon energy is close to the ZnS band-edge, the
modified trap potential can be deeper and the trap potential can become shal-
lower by lowering the photon energy to 3.06 eV (405 nm) and 2.73 eV (455
nm). The monotonic increase of TOP values in Fig. 5.3 implies that many
excitation cycles (PL events) are necessary to reach a stationary situation for
the surface reconstruction. We estimated the effective exciton excitation rate
to realize 80% TOP value at all irradiation wavelengths by estimating the
photo-absorption cross-section of the QD at each wavelength [106] using the
relative absorbance of the investigated QDs. The estimated exciton excita-
tion rates were 3.9x106, 2.3x106, and 0.2x106 s−1 for irradiation wavelengths
of 455, 405, and 355 nm, respectively. The decrease of the exciton excitation
rate by increasing the photon energy of irradiation can be reasonably under-
stood from the tendency of the tunnel interaction strength.
We estimated the lifetime of the trap potential created by 455 and 405 nm
irradiation to be shorter than 120 s because the corresponding TOP values
for these wavelengths showed stationary condition for an integration time
of 120 s. For the case of 355 nm irradiation, the trapped carrier lifetime was
effectively infinite for the irradiation intensity higher than 3 W/cm2. Under
the permanently charged situation of the QDs, the effective potential depth
of the trap site could be estimated to be around 4 meV since the charged situ-
ation was sustained up to a temperature of 50 K. It should be mentioned that
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the surface reconstruction induced by the 455, 405, and 355 nm irradiation
can be removed by raising the temperature, since observations showed that
the charged QDs return to the original QD by raising the temperature to 150
K.
The observed TOP behavior for 532 nm irradiation was different from the
other. The TOP did not saturate to 100%, but at 90% and the strong irradi-
ation did not induce any irreversible change to the QDs. Also, the exciton
rate to realize a TOP of 80% was estimated to be 1.9x106 s−1, which is smaller
than the values obtained for 455 and 405 nm irradiations. These results sug-
gest that the charge trapping for the 532 nm irradiation is not due to the
surface trap sites. But, we suspect that the charge trapping may be due to the
interfacial core trap sites which are situated near to the CdSe core [109].
Regarding the sign of trion, although we have not identified it experi-
mentally, we assume that the trion is a negatively charged trion since the
measured PL decay time corresponds well to that of negative trions[112].
Also, the hole traps constitute surface trap sites in CdSe QDs [111, 113].
5.7 Chapter Summary
We have investigated the photocharging behaviors of thick shell CdSe QDs
at cryogenic temperature by varying the excitation intensity and wavelength.
It is shown that the trion occurrence can be manipulated by photocharging
the QD by exciting well above the band gap. PL spectrum, PL decay, and
photon correlation measurements were carried out to uniquely identify the
trion emission from the single CdSe QDs. Most notably, a method to create
permanently charged QDs has been demonstrated.
We have shown that by excitation of a QD with a 355 nm laser at an ex-
citation intensity, higher than 3 W/cm2, the QD can be fully photocharged,
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lasting in the permanently charged situation as long as the cryogenic tem-
peratures are maintained. The observed photocharging is qualitatively un-
derstood through the charge trapping dynamics in CdSe QDs.
The trion at cryogenic temperature showed a single decay process with
a decay time of around 10 ns. Therefore from the viewpoint of single pho-
ton generation, trion with a single upper level is preferable compared to the
neutral exciton.
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Chapter 6
Single Photon Source Based on the
Hybrid System
6.1 Introduction
Many photonic quantum information and technology, such as quantum key
distribution, quantum repeaters, and ultimately quantum internet, would
benefit from high brightness, fiber-coupled source of triggered single pho-
tons [5, 115]. There have been tremendous progress and innovations in this
direction. Still, an ideal and on-demand single photon source (SPS) is yet to
be realized. Solid-state quantum emitters like QDs, defect centers in crystals
are one of the promising choices for SPS based on the unique emission prop-
erties and more accessible techniques to isolate single emitters. Single QDs
in nanophotonic platforms like plasmonic nanostructures, photonic crystal
waveguides, and cavities [17, 18, 39] have been employed as a potential
source of single photons. However, a key challenge is to efficiently collect
the single photons into a single spatial mode of an optical fiber.
The hybrid system of photocharged single CdSe QDs and ONF at cryo-
genic temperatures can be implemented as an efficient SPS due to the unique
properties of ONF and single CdSe QDs. Trion emission with near-unity
quantum efficiency, narrow spectral width, and single decay process marks
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Figure 6.1: Schematic diagram of the fiber in-line SPS at 3.7 K. LPF, LP, IF, BS and
SPCM, denote long-pass filter, linear polarizer, interference filter, beam splitter and
single photon counting module, respectively.
the CdSe QDs as a promising quantum emitter. The efficient channeling of
QD emission into the nanofiber guided modes and subsequent coupling to
single-mode optical fiber offers a unique fiber in-line platform for single pho-
ton generation. [114] In this chapter, we evaluate the performance of the sys-
tem as a triggered fiber in-line SPS.
6.2 Experimental System and Measurement Scheme
The experimental setup for the fiber in-line SPS is based on a hybrid system
of ONF, and single QDs operated at a cryogenic temperature of 3.7 K. Figure
6.1 shows the schematic diagram of the experimental system and the mea-
surement scheme. We used CdSe QDs with CdS/ZnS gradient thick shell
structure with emission wavelength of 640 nm (1.94 eV) at room tempera-
ture. The ONF had a waist diameter of 310 nm and a waist-length of 2.5 mm.
The ONF diameter was chosen such that emitted photons at 640 nm could
be efficiently channeled into the nanofiber guided modes with efficiency of
22%[43, 56].
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We used a computer-controlled sub-picolitre needle dispenser system in-
stalled on the microscope to deposit single QDs on the ONF. The details of
the deposition technique was explained in chapter 2. The ONF/QD hybrid
system was cooled down to 3.7 K in a custom-designed optical cryostat via
helium buffer gas cooling, as discussed in chapter 4. The optical transmission
of ONF was 90% before starting the cooling process, and it was maintained
at a cryogenic temperature of 3.7 K.
The single photon emission characteristics of the QD were measured from
the PL photons channeled into the nanofiber guided modes and eventually to
an SMF. The excitation lasers were sent through one of the optical windows of
the cryostat and excited perpendicular to the nanofiber. The excitation laser
light was focused on a single QD on the nanofiber by scanning the focused
laser along the nanofiber. For photocharging, the QD was photoexcited at
a wavelength of 355 nm. For measuring the single photon emission char-
acteristics, the QD was excited with a picosecond pulsed-laser with a pulse
width of 20 ps FWHM at a wavelength of 532 nm. The excitation lasers were
focused onto the ONF to a spot size of 19 µm FWHM using a combination
of lenses placed outside the cryostat. The polarization of the excitation laser
was fixed perpendicular to the nanofiber axis by using a half-wave plate.
The spectral, photon counting and temporal characteristics of the fiber-
guided photons were measured simultaneously at the opposite ends of the
fiber. The PL photons from one end of the ONF are introduced into an OMA
spectrometer with a resolution of 1.0 meV (0.33 nm) through a multi-mode
fiber for spectral measurements. A 560 nm long-pass filter is used to remove
the scattered excitation laser light coupled into the fiber. The photon count-
ing and temporal characteristics were measured at the other end of the fiber
using single photon counting modules and a time-correlated single photon
counting (TCSPC) system.
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A Hanbury-Brown-Twiss (HBT) setup was employed for photon corre-
lation measurements. As illustrated in the Fig. 6.1, the fiber output was
first filtered using a band-pass interference filter (15 nm FWHM passband)
to remove the background photons from the signal. Then split using a non-
polarizing 50:50 beam splitter and are coupled into multimode fibers and de-
tected by two SPCMs. The time-stamped arrival of the photons was recorded
using a TCSPC. The photon correlation of the detected photons was extracted
from the coincidence counts between the two channels for varying delay
time. PL decay behavior was obtained by time correlation between the ex-
citation laser pulse and the PL photons. The repetition rate of the 532 nm
pulsed-laser was set to 10 MHz for the measurements of PL spectrum, pho-
ton correlations, and photon count rate. Whereas, only for the measurement
of PL decay profiles, a repetition rate of 500 kHz was used. All the experi-
ments were performed at a temperature of 3.7 K.
6.3 Photocharged QD
Figure 6.2(a) shows the PL spectrum of a single QD in the hybrid system at
3.7 K measured for an integration time of 120 s. The single QD was excited
using 532 nm ps pulsed-laser at an excitation intensity of 4.15 µJ/cm2. The
emission spectrum shows well-resolved four peaks labeled as 1, 2, 3, and 4.
The observed energy separation between the emission peak 1 and 2 was 16.5
meV (5.0 nm in wavelength), which leads to the assignment for the two emis-
sions as the zero phonon lines (ZPLs) of the exciton of a neutral CdSe QD and
the trion of a charged CdSe QD, respectively [97, 116]. The observed spectral
width of peak 1 is 3.2 meV FWHM, and that of peak 2 is 1.9 meV FWHM. The
spectral width of exciton emission is broader than that of trion emission since
the upper energy state of the exciton of CdSe QD consists of a bright and a
dark state separated by 1.5 meV (5.0 nm) which was not resolved. Regarding
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Figure 6.2: PL characteristics of a single QD in the ONF/QD hybrid system at 3.7 K.
(a) PL spectrum, (b) PL decay profile, yellow curve in shows the fit using a sum of
three exponential functions.(c) Photon count rate for a single QD The blue traces are
the experimentally measured data. (a-c) Measured before photo-charging. (d) PL
spectrum of photocharged QD (e) PL decay profile photocharged QD, green curve
shows the fit with a single exponential function. (f) photon count rate measured
after photo-charging. The data shown were measured for an excitation fluence of
4.15 µJ/cm2.
peaks 3 and 4, they are red-shifted by 26.5 meV from peaks 1 and 2, respec-
tively. They are attributed to the longitudinal optical phonon (LO-phonon)
replica of the exciton and the trion ZPLs in CdSe QDs [102, 116]. Note that
the emission from the exciton state and the trion state occurs randomly. The
occurrence probability for the exciton and trion reaches a stationary value
for the integration time higher than 120 s [102]. We estimated the trion occur-
rence probability (TOP) from the emission spectrum (6.2(a))to be 44±3% as a
ratio between the photon counts emitted from the trion state and the whole
photon counts from both the trion and the exciton states.
Figure 6.2(b) shows the PL decay profile of the single QD at 3.7 K. The
PL decay profile was acquired for an integration time of 200 s with a reso-
lution of 64 ps. The observed decay profile can be well fitted with a sum of
three exponential decay functions corresponding to the decay processes for
the effective, fast decay component of exciton state, slow decay component
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of exciton state, and the trion state. The yellow curve shows the fit for the
data in Fig. 6.2(b) . From the exponential fit, we extract three decay times of
2.3±0.3 ns, 9.6±0.3 ns, and 120±5 ns corresponding to the effective, fast de-
cay component of exciton state, the trion state and the slow decay component
of exciton state, respectively [97, 99, 102].
Figure 6.2(c) shows the photon count rate of a single QD in the hybrid
system observed at 3.7 K for a period of 200 s at 4.15 µJ/cm2. The photon
count rate showed a stable photon count level without any intermittency.
The measured count rate is 13.0±0.5 kHz. The absence of any intermittency
in the photon counting suggests that both the exciton and the trion state have
the unity QE. As detailed in chapter 4, the typical overall QE for such QD is
higher than 94%.
The single QD in the hybrid system was prepared in a fully permanently
photocharged situation using photoexcitation with 355 nm at 5 W/cm2 for
about 10 minutes. Figure 6.2(b) shows the PL spectrum of the photocharged
single QD measured with 523nm ps pulsed excitation. The observed PL spec-
trum display only a single emission line is corresponding to the trion emis-
sion energy of 1.989 eV (623 nm) along with a LO phonon replica. The ab-
sence of the emission from neutral exciton suggests that the emission occurs
only from the trion state with 100% TOP. Therefore, the photoexcitation with
355 nm resulted in permanent photo-charging of single QD in the hybrid
system.
To further testify the charged situation, we have measured the PL decay
profile of the photocharged QD. Figure 6.2(e) shows the PL decay profile of
the photocharged QD. The observed PL decay profile of the photocharged
QD shows a single exponential decay behavior consistent with the single up-
per state model of the trion of the CdSe QDs [66]. The observed decay profile
is fitted by a single exponential function (green curve), yielding a decay time
of 10.0±0.5 ns. The photocharging is very stable as long the QD was kept
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Figure 6.3: Excitation polarization dependence of emission. The photon count rate
measured while rotating the polarization angle of excitation laser using an half wave
plate.
at 3.7 K (at least for ten days). The decay time of the trion state is one order
shorter than that of a neutral dark exciton state.
Figure 6.2(f) displays the typical photon count rate of the photocharged
QD under 532 nm pulsed excitation at 4.15 µJ/cm2. It is observed that there
is no significant change in the photon count rate of the photocharged QD
compared to Fig. 6.2(c) suggesting that the trion emission occurs with a QE
higher than 94% [66, 67, 102].
6.3.1 Polarization Properties
We investigated the excitation and emission polarization dependence of a
single QD at 3.7 K. The excitation polarization dependence on the PL pho-
tons from a photocharged QD is displayed in Fig. 6.4. The photon count
rate is measured while rotating the polarization angle of the excitation laser
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Figure 6.4: Polarization-resolved emission spectra of a photocharged single QD mea-
sured while changing the angle of polarization. The integration time for each spec-
trum is 10 s.
using a half-wave plate. The degree of excitation polarization or the visibil-
ity is estimated from the maximum and minimum intensity values using the
relation (Imax − Imin)/(Imax + Imin) to be 60%. The maximum photon count
rate is observed for a polarization that is perpendicular to the nanofiber axis.
To observe a maximum photon count rate through the fiber guided mode,
the polarization of the excitation laser is fixed perpendicular to the nanofiber
axis.
Figure 6.4 shows the polarization-resolved emission spectra of a pho-
tocharged single QD acquired by rotating the angle of polarization by in-
serting a polarizer. Each spectrum in the plot is integrated for a measure-
ment time of 10 s. The peak 2 indicated in the spectrum correspond to trion
emission, and the corresponding LO-phonon sideband is marked as peak 4.
It is seen that the emission from the trion was strongly linearly polarized.
The degree of linear polarization or the visibility was estimated to be 85%
from the maximum and minimum of peak intensity values using the rela-
tion, (Imax − Imin)/(Imax + Imin).
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6.4 Purity and Brightness of Single Photon Source
The purity of the fiber in-line SPS was estimated by performing the pho-
ton correlation measurements of the fiber-guided PL photons from the single
CdSe QD. The excitation laser repetition rate was set to be lower than the
PL decay rate to ensure the complete relaxation of the excitation between the
subsequent laser pulses. Figure 6.5(a) shows the photon correlations func-
tion g2(τ) of the PL photons for an excitation fluence of 6.4 µJ/cm2 at 10 MHz
repetition rate. The coincidences between the photons at the two SPCMs are
plotted against the delay time (τ). Periodic peaks with a period of 100 ns are
observed in Fig. 6.5(a), well corresponding to the repetition rate of the laser.
However, the central peak at τ = 0 is strongly suppressed, clearly indicating
the single photon purity of the fiber in-line source. We estimated the second-
order correlation function at τ = 0 to be g2(0)= 0.06±0.01. The value of g2(0)
was estimated from the ratio between the area of the peak at τ = 0 and the
averaged area of side peaks on each side at ±100 ns. The value of g2(0) is
close to the ideal value for a SPS and gives a measure of the purity of the
fiber in-line SPS.
In order to estimate the brightness (efficiency) of the SPS, we increase
the excitation fluence until the photon count rate of the single QD showed
a saturation behavior. Figure 6.5 (b) shows the observed photon count rates
measured at one side of the fiber for different excitation fluences. It is evident
from the plot that for higher excitation fluence, the photon count rate showed
a saturation behavior reaching a maximum photon count rate of 280 ± 39
kHz. The results are fitted with a saturation model for two-level system [37,
39], which is given by,
I(F) = Imax[1− exp(−
F
Fsat
)] (6.1)
where Imax is the saturated photon count rate of the photocharged QD, F,
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Figure 6.5: Photon statistics of the photocharged single QD measured at 3.7 K. (a)
Photon correlation function of the fiber-guided PL photons for an excitation fluence
of 6.4 µJ/cm2. (b) Photon count rates (black squares) at one-end of the fiber versus
excitation fluences. The red color curve is the fit using the saturation model for two
level given in Eq. 6.1. (c) Photon correlation for an excitation fluence of 108 µJ/cm2
which is larger than the Fsat. (d) g2(0) as a function of excitation fluences.
and Fsat are the excitation fluence and the saturation fluence, respectively.
The red curve in Fig. 6.5(b) shows the fit of the two-level model using the
Eq. 6.1. From the fit to the data, we obtained a maximum count rate of single
photons at one side of the fiber to be Imax= 327 ± 22 kHz at an excitation
saturation fluence of Fsat = 79± 6 µJ/cm2.
To confirm the purity of the single photons at the excitation saturation
condition, we measured the photon correlation function for various excita-
tion fluence starting from 6.4 µJ/cm2 to saturation excitation fluences of 108
µJ/cm2. Figure 6.5(c) shows the photon correlation function measured at an
excitation fluence of 108 µJ/cm2, which is well above the Fsat. It is observed
that the central peak at τ = 0 is still strongly suppressed, meaning that the
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Figure 6.6: Emission characteristics of photocharged QD (a) Spectral width and peak
energy of trion emission versus excitation fluence. (b) The photon count rate of
photocharged single QD (Trion QD) at 108 µJ/cm2.
single photon characteristics of the SPS are well maintained even at the satu-
ration condition. From the photon correlations measurements, we estimated
a g2(0) of 0.11 ± 0.02 at the saturation excitation fluence condition. Figure
6.5(d) plots the values of g2(0) estimated for various excitation fluences. It is
observed that the g2(0) gradually increases from 0.06 to 0.11 at the saturation
condition. Even at the saturation condition, the values of g2(0) indicate that
the high purity of single photons and the multi-photon emission probability
is not significant for the present CdSe QDs. But at higher excitation fluence,
it is not negligible.
We have also investigated the spectral and photon count rate characteris-
tics of the photocharged single QD at different excitation conditions. Figure
6.6(a) displays the spectral width (red squares) and the peak energy (black
squares) of the trion ZPL measured at different excitation fluences. The spec-
tral widths are obtained after correcting for the instrumental response func-
tion of OMA with a width of 1 meV. There is a systematic increase in the
spectral width of the trion ZPL with increasing excitation fluence. The spec-
tral width increased from 1.1 meV (at 6.4 µJ/cm2) to 3.2 meV (at 108 µJ/cm2).
On the other hand, the peak energy shift of the trion ZPL is negligible (within
the resolution limit). Figure 6.6(b) shows the measured photon count rate at
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an excitation fluence of 108 µJ/cm2. It is seen that the fluctuations in the
observed photon count rate are larger as compared to that of at lower excita-
tion fluence (Fig. 6.2(f)). The average photon count rate of the photocharged
single QD is estimated to be 280± 30 kHz at a fluence of 108 µJ/cm2.
6.5 Discussion
The total detection efficiency (α) of the single photons from the ONF to the
SPCM was estimated to be 40% by considering various efficiencies of the op-
tical system which includes the transmission of ONF (90%), the filter trans-
mission efficiency (83%), the fiber-coupling efficiency (90.5%) to the SPCM
and the detection efficiency of the SPCM at 620 nm (60%). By correcting for
the transmission and detection efficiencies, we estimate a maximum photon
count rate (ΓSP = 2Imaxα ) of 1.6±0.2 MHz for the fiber in-line SPS. Here factor
two accounts for the total channeling into both ends of the fiber. The bright-
ness (source efficiency, β) of the fiber in-line SPS is estimated by relating ΓSP
to the repetition rate (R) of the excitation laser as β = ΓSPR = 16±2%. It should
be noted that β can be related to the QE (ηq) of the QD and the channeling ef-
ficiency (η) into the ONF guided modes given as β = ηqη. It is reasonable to
assume a maximum achievable value for the channeling efficiency (η = 22%)
[43, 56], which would yield a higher β-value. The reduction in the observed β
may indicate an overall reduction in the QE of the single CdSe QD at higher
excitation fluence.
At high excitation fluence, shown in Fig. 6.6(b), the photon count rate
shows more significant fluctuations with a characteristic intermittency be-
havior. The intermittency may indicate the presence of another emission
channel with lower QE. Therefore, intermittency can effectively reduce the
QE of the single QD at high excitation fluence. The intermittency might be
related to the emission from an Auger-assisted multi-exciton process at high
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excitation fluence [66, 117], which is also evident from the increase in the
g2(0) value at higher excitation fluence. The increase in the spectral width of
the emission and onset of the intermittency may also indicate local heating at
high excitation fluence [66, 102]. However, the negligible shift in the emission
peak energy suggests that the local temperature was well maintained [102],
and the effect of temperature change may not explain the broadening of the
spectral width. The observed increase in the spectral width of the trion emis-
sion may be attributed to the enhancement of the spectral diffusion process
due to the onset of the multi-exciton process [69].
6.6 Chapter Summary
A hybrid system of photocharged single CdSe QDs and an ONF is investi-
gated as a fiber in-line single photon source, and the system performance
is evaluated. We have shown that the charged single QDs exhibits a bright
photo-stable emission of single photons with near-unity quantum efficiency,
narrow spectral width (3 meV FWHM), and fast single decay process with a
decay time of 10.0±0.5 ns.
The single photon characteristics of the fiber-guided PL photons were
confirmed from the photon correlation measurements under pulsed excita-
tion at various excitation fluences. The photon correlation function with
a g2(0) value of 0.11±0.02 measured at the excitation saturation condition
quantifies the purity of the single photon source. The efficiency of the source
was estimated to be 16±2% with a maximum photon count rate of 1.6±0.2
MHz.
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Chapter 7
Conclusions and Future Prospects
7.1 Conclusions
We have experimentally demonstrated the development of a hybrid system
of an ONF and single CdSe QDs and investigated the PL emission charac-
teristics through the fiber guided modes from the viewpoint of fiber in-line
single photon generation. We have shown that single CdSe QDs in toluene
colloidal solution can be deposited along the nanofiber with a spatial accu-
racy of 0.4 µm and a success probability of about 60% for single QD deposi-
tion for each trial. Single CdSe QDs in the hybrid system showed excellent
single photon characteristics with a g2(0) value of around 0.05±0.01. The
photon count rate and PL decay of emission revealed that the QD emission
occurs not only from neutral exciton but also from charged exciton called
trion. From the photon count rate of single QD and the effective quantum
efficiency of the QD colloidal solution, we estimated the quantum efficiency
of the neutral exciton to be more than 96%, but the quantum efficiency of the
trion is 26±3% as that of the exciton at room temperature. The broad spectral
width (60 meV FWHM) of the QD emission at room temperature may limit
the use of the hybrid system for quantum information technologies.
We successfully operated the hybrid system of optical nanofiber and sin-
gle QD at cryogenic temperature. The hybrid system was cooled down to 3.7
K inside a custom-designed optical cryostat using helium buffer gas cooling.
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We have shown that the high optical transmission of the nanofiber was main-
tained at cryogenic temperatures. At 3.7 K, the emission spectrum of the sin-
gle QDs showed two distinct narrow zero-phonon lines (∼ 350 µeV FWHM)
compared to the broad spectral width (60 meV FWHM) at room temperature.
and these lines originates from the neutral and the charged states of the QD
with near-unity quantum efficiency.The low energy emission stems from the
recombination of the trion.
The PL decay characteristics revealed that the upper state of neutral exci-
ton consists of two levels, resulting in fast and slow decay components with
decay times of 3.1±0.1 and 153±5 ns, respectively. We modeled the PL decay
dynamics of the neutral exciton using a two-level model (bright and dark
state model) and determined the decay rates, energy splitting of bright and
dark exciton as well as the phonon decay rate. In contrast, the PL decay of the
trion is a single decay process that is consistent with the single upper state
model of the trion state, and the decay time is one-order shorter than that of
the neutral exciton. Therefore, at cryogenic temperatures, trion is preferable
than the neutral exciton for an efficient single photon generation. Since the
solid-state quantum emitters require cryogenic conditions for better emis-
sion characteristics, the present system can be applied to various quantum
emitters.
We have investigated the photocharging behaviors of CdSe QDs by vary-
ing the excitation intensity and wavelength, leading to control of the occur-
rence of trion at cryogenic temperature. We have shown that the occurrence
probability of trion can be manipulated by using lasers at 532, 455, 405, and
355 nm. PL spectrum, PL decay, and photon correlation measurements were
carried out to identify the trion emission from the single CdSe QDs uniquely.
Most notably, we have established a method to create permanently charged
QDs as long as the cryogenic conditions are maintained. The method may
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open a new route to apply QDs for quantum photonics since the trions ex-
hibit much more superior PL characteristics at cryogenic temperature than
those for neutral excitons.
Lastly, a hybrid system of photocharged single QDs and an ONF is inves-
tigated as a fiber in-line single photon source, and the system performance is
evaluated. We have shown that charged QDs exhibits a bright photo-stable
emission of single photons with near unity quantum efficiency, narrow spec-
tral width, and fast single decay process with a decay time of 10.0±0.5 ns.
The purity of the fiber in-line single photons was confirmed from the pho-
ton correlation measurements under pulsed excitation with a g2(0) value of
0.11±0.02 at the saturation condition. The efficiency of the fiber in-line single
photon source was estimated to be 16±2% with a maximum photon count
rate of 1.6±0.2 MHz.
Although there is rapid development in the field of single photon sources,
there is no source so far which could satisfy all the requirements for advanced
schemes in quantum information technologies. The hybrid system of opti-
cal nanofiber and single CdSe QDs operated at cryogenic temperatures is a
promising platform to approach that aim, as they provide an automatic cou-
pling to single-mode optical fibers. Moreover, the demonstrated fiber in-line
single photon source proved to give excellent single photon characteristics.
The system efficiency is much better than the values compared to the other
approaches in fiber-coupled single photon sources based on single quantum
dots (summarized in Table 1.1), which can be further improved as discussed
in future prospects. The hybrid system can be easily integrated into the fiber
networks paving the way for potential applications in quantum networks.
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7.2 Future Prospects
In order to enhance the performance of the hybrid ONF/QD system as a
single photon source, an important step would be to incorporate a cavity
structure on the ONF and establish an ONF cavity quantum electrodynamics
(QED) system at cryogenic temperatures. It has been theoretically shown
that by incorporating a cavity structure on ONF, a channeling efficiency of
more than 90% can be achieved [118]. In this direction, the present results
may give a promising implication, especially on channeling efficiency and
spectral control.
Although the Purcell enhancement of solid-state quantum emitters on
nanofiber cavities has been successfully demonstrated [119, 120], the experi-
ments were conducted at room temperature. As a result, the emission spec-
tral widths were 20 - 40 nm broad, and spectral control was limited only to
a narrow part of the emission spectrum. This limits the overall efficiency of
the system as a single photon source. In the present hybrid system at cryo-
genic temperatures, the spectral diffusion width of the QD saturates at 3 meV
(∼1.0 nm) FWHM, which is comparable to the typical cavity linewidths re-
ported for the nanofiber cavity QED experiments [119, 121]. As a result, the
entire emission of the QD can be strongly enhanced into the nanofiber cavity
mode leading to higher source efficiency. Due to the faster cavity-enhanced
decay rate, one may also expect a higher photon count rate. Moreover, us-
ing a one-sided cavity, all photons can be extracted at one end of the fiber.
Another critical aspect of a single photon source is the indistinguishability
of the single photons. This will require a further narrowing of the spectral
width by employing near-resonant excitation scheme [100] and much nar-
row linewidth ONF cavities as in Ref. [122].
119
Bibliography
[1] Y. Yamamoto, M. Sasaki, and H. Takesue, Quantum information sci-
ence and technology in Japan. Quant. Sci. Tech. 4, 020502 (2019).
[2] H. J. Kimble, Y. Levin, A. B. Matsko, K. S. Thorne and S. P. Vy-
atchanin, Conversion of conventional gravitational-wave interferom-
eters into quantum nondemolition interferometers by modifying their
input and/or output optics. Phys. Rev. D 65, 022002 (2001).
[3] A. Aspuru-Guzik and P. Walther, Photonic quantum simulators. Nat.
Phys. 8, 285–91 (2012).
[4] I. M. Georgescu, S. Ashhab and F. Nori, Quantum simulation. Rev.
Mod. Phys. 86, 153–85 (2014).
[5] H. J. Kimble, The quantum internet. Nature 453, 1023-1030 (2008).
[6] H. Bennett and G. Brassard. Quantum cryptography: Public key distri-
bution and coin tossing. In Proceedings of IEEE International Confer-
ence on Computers, Systems, and Signal Processing, Bangalore, India,
(IEEE, New York), 175–179, (1984).
[7] W. K. Wootters and W. H. Zurek. A single quantum cannot be cloned.
Nature 299, 802-803, (1982).
[8] C. H. Bennett, F. Bessette, G. Brassard, L. Salvail, and J. Smolin. Exper-
imental quantum cryptography. J. Cryptol. 5, 3-28, (1992).
120
[9] A. Muller, J. Breguet, and N. Gisin, Experimental demonstration of
quantum cryptography using polarized photons in optical fiber over
more than 1 km. Europhys. Lett. 23, 383–388, (1993).
[10] R. J. Hughes, G. L. Morgan, and C. G. Peterson. Quantum key distri-
bution over a 48 km optical fiber network. J. Mod. Opt. 47, 533-547,
(2000).
[11] W. T. Buttler, R. J. Hughes, S. K. Lamoreaux, G. L. Morgan, J. E. Nord-
holt, and C. G. Peterson. Daylight quantum key distribution over 1.6
km. Phys. Rev. Lett. 84, 5652-5655, (2000).
[12] G. Brassard, N. Lütkenhaus, T. Mor and B. C. Sanders, Limitations on
Practical Quantum Cryptography, Phys. Rev. Lett., 85, 1330 (2000).
[13] Lo H-K, Curty M, and Qi B, Measurement-device-independent quan-
tum key distribution Phys. Rev. Lett. 108, 130503, (2012).
[14] Kiyoshi Tamaki, Hoi-Kwong Lo, Chi-Hang Fred Fung, and Bing Qi,
Phase encoding schemes for measurement-device-independent quan-
tum key distribution with basis-dependent flaw. Phy. Rev. A 85, 042307
(2012).
[15] D. Bouwmeester, A. Ekert and A. Zeilinger, The Physics of Quantum
Information 49–92 (Springer, Berlin, 2000).
[16] E. Knill, R. Laflamme, and G. J. Milburn, A scheme for efficient quan-
tum computation with linear optics. Nature 409, 46–52 (2001).
[17] I. Aharonovich, D. Englund, and M. Toth, Solid-state single-photon
emitters. Nat. Photonics 10, 631 (2016).
[18] P. Senellart, G. Solomon, and A. White, High-performance semicon-
ductor quantum-dot single-photon sources. Nat. Nanotechnol. 12, 1026
(2017).
121
[19] M. D. Eisaman, J. Fan, A. Migdall, and S. V. Polyakov, Invited Review
Article: Single-photon sources and detectors. Review of scientific in-
struments 82, 071101 (2011).
[20] Charles Santori, David Fattal, Jelena Vuckovic, Glenn S. Solomon and
Yoshihisa Yamamoto, Indistinguishable photons from a single-photon
device. Nature 419, 594, (2002).
[21] Sarah M. Skoff, David Papencordt, Hardy Schauffert, Bernhard C.
Bayer, and Arno Rauschenbeutel Optical-nanofiber-based interface for
single molecules. Phys. Rev. A 97, 043839 (2018).
[22] M. J. Burek, C. Meuwly, R. E. Evans, M. K. Bhaskar, A. Sipahigil, S.
Meesala, D. D. Sukachev, C. T. Nguyen, J. L. Pacheco, E. Bielejec, M. D.
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